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Plum fruits of 16 plum cultivars derived from three species, Asian, American-hybrid, and
European plums, and one cultivar of an interspecific hybrid between Asian plum and apricot
were investigated to identify and quantify two major groups of phenolic phytochemicals,
anthocyanins and hydroxycinnamic acids (HCAs) by HPLC–DAD/MS. The plums were harvested
from 2014 to 2017. Some cultivars were analyzed through consecutive years to determine yearto-year differences and to evaluate the maturity impacts on the concentration of anthocyanins
and HCAs from the partial-ripe stage and tree-ripe stage. Anthocyanins were present in
red−purple colored plums, but their profiles varied among cultivars and species. The two major
anthocyanins, cyanidin 3−O−glucoside and cyanidin 3−O−rutinoside were detected in most
cultivars, but their concentrations varied depending on the levels of their accumulation in the
peel and flesh of the fruits. The total anthocyanin concentration was significantly higher in the
tree-ripe stage of plums than in the partial-ripe stage of plums but year-to-year difference in
harvest date was not significant. In addition, anthocyanin accumulation in each cultivar was
affected by the year-to-year differences in weather condition and crop load, but their specific
profiles and the proportion of individual anthocyanins was maintained. Overall, cultivar and
maturity differences were dominant in anthocyanin accumulation.

Hydroxycinnamic acids (HCAs) also varied among cultivars, but they showed
distinguishable concentration differences between species, having significantly higher
concentrations in European cultivars than Asian and American cultivars. All cultivars had
neochlorogenic acid as a major HCA except the two American-hybrids, ‘Alderman’ and ‘Toka’, in
which chlorogenic acid was the major HCA. Unlike anthocyanins, total HCA concentration was
not dependent on the year of harvest or maturity at harvest.
Total phenolic concentrations (TPC) by the Folin−Ciocalteu method and antioxidant
activity (AOA) by the DPPH assay were also measured for three years, from 2015 to 2017. The
American-hybrid cultivars displayed greater TPCs than Asian and European cultivars despite
having lower concentrations of anthocyanins and moderate concentrations of HCAs. On the
contrary, the European cultivars had lower TPCs even though they had higher HCA
concentrations than other species. Thus, there was no significant relationship between
concentrations of anthocyanins or HCAs and TPCs; however, a curvilinear relationship between
TPC and AOA was observed with high coefficients R2=0.89, 0.75, and 0.84 in 2015, 2016, and
2017, respectively. Unlike the linear relationship between TPC and AOA observed in most other
studies, the curvilinear relationship found in this study likely results because plums with higher
TPC have higher AOA, and AOA was affected more by changes at lower values than at higher
TPC values. This suggests that the concentration level of TPC may play a role on AOA in plum
extracts.
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CHAPTER 1
INTRODUCTION
1.1. Farm Market Diversification in Maine
Locally grown fresh fruits and vegetables have attracted attention as consumers have become
aware of the differences between products delivered from a remote place and those from the
local area. The two are differentiated not only by their tastes but also by potential nutritional
values, especially for fruits. Most fruits from large commercial production at the supermarket
experience long-distance delivery after premature harvest, which can decrease quality as well as
the amount of nutrients between the time of harvesting and consumption. This has been
recognized by consumers and has encouraged them to search for locally grown tree-ripened
fruits, which may have beneficial nutritional values accumulated during ripening.
There are two major locally available fruits in the state of Maine, apples and blueberries. Wild or
cultivated blueberries have been the iconic fruit of the state of Maine, especially since they are
considered as a superfruit after numerous studies reported the potential health benefits of
eating blueberries. Blueberries have contributed to Maine’s economy because they are
harvested and sold during the peak of the tourist season, while apples are mostly available only
for the residents due to their late harvest time. Therefore, finding another fruit crop would
contribute to diversify farm markets in the state of Maine and provide locally grown fresh fruits
to both residents and tourists. Moreover, if the fruits can be harvested at the peak of the tourist
season from July to August, it will additionally contribute to Maine’s economy.

Several important factors are considered in the choice of fruit crops, such as tolerance of
Maine’s cold harsh winter, good crop yield for farmers and economy, good fruit quality for
consumers’ acceptance, and nutritional values for potential health benefits. Considering all
1

these factors, plums can be a good candidate among other stone fruits, such as peaches,
nectarines, and apricots. Plums can be grown in USDA hardiness zones 3-8 depending on the
species and cultivars. The hardiness zone of the state of Maine has the range between 3b (−30
to −35°F) and 5b (−10 to −15°F) shown in Figure 1. This suggests that plums can be grown in
most of the state of Maine as long as cold hardy cultivars are selected. However, other stone
fruits like peaches, apricots, and nectarines, belong to the warmer growing zones, 4-8, 5-8, and
6-8, respectively. In addition, most cold hardy plums are harvested from July to early September
during the peak tourist season, possibly contributing to the Maine economy along with
blueberries. Selecting the proper cultivars will be necessary, not only for the farmers to have
profitable crop yields but also for the consumers’ acceptability based on appearance, taste, and
texture. Moreover, the nutritional value in different cultivars will also influence the health
benefits when consumers eat locally grown tree-ripened plums.

Figure 1. Maine hardiness zones. (3b: -30 to -35°F, 4a: -25 to -30°F, 4b: -20 to -25°F, 5a: -15 to -20°F,
5b: -10 to -15°F) https://hort.purdue.edu/newcrop/cropmap/maine/maps/MEhardy.jpg
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1.2. Plums
Plums belong to the genus Prunus of the Rose (Rosaceae) family. There are approximately 175
species of the Prunus genus distributed worldwide, including plums, peaches, apricots,
nectarines, and cherries (Rashid et al. 2007). Plums have been cultivated since prehistoric times,
possibly longer than any other fruit except the apple (Anon, 2004). World production of plums
among ten countries that have cultivated the most plums from 2010 to 2018 are shown in
Figure 2, with China being the leading plum producing country with more than 6,000,000 tons,
followed by Romania, Serbia, and the United States.
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Figure 2. Top 10 countries of plum production / yield quantities (2010 to 2018). Source: adapted
from Food and Agriculture Organization of United Nations (FAO world data)

Plum production in the USA has been decreasing over the years from 2010 to 2018, while world
production has been increasing (Figure 3). This may be influenced by the decrease in prune
production in the US since the 1930s due to oversupply caused by a lack of coordination
between prune growers and low industry quality standards (California Dried Plum Board, 2015).
Among all cultivated plums in the United States, over 70% of the plums and 96% of the prunes
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(dried plums) are grown in California (USDA NASS. Quickstats. Available online at
http://quickstats.nass.usda.gov). Around half of California's prunes are consumed domestically
and the other half are exported. Historically, California has supplied on average 70% of the
world's prunes; however, new competition from Chile and Argentina in the early 2000s has
reduced that number to about 40% (Peterson 2012). This may have contributed to the decrease
in plum production in the US as well.
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Figure 3. Plum production / yield quantities in (a) world and (b) United States of America (2010
to 2018). Source: adapted from Food and Agriculture Organization of United Nations (FAO world
data)
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Despite the total plum production being impacted due to the reduction of prune production in
the US, growers are still looking for plum cultivars that are suitable for fresh eating, shifting
interests from dried plums to the fresh plums. Therefore, the interest in cultivating fresh eating
plums in the US will have the potential to change plum production in the near future.

1.2.1. Species and Cultivars
There are over 6,000 cultivars of plums originated from 19 to 40 species distributed across Asia,
Europe, and America (Blažek 2007). From this great diversity, only two species predominate in
commercial production, the European plum (Prunus domestica L.) and the Japanese (or Asian)
plum (P. salicina Lindl and hybrids). European plums are generally adapted to cool temperate
climates and are the main commercial species in Europe. They are consumed fresh and as dried
fruits (prunes). Prunes and prune juice from European plums have had a long history of use due
to their digestive–laxative properties (Topp et al. 2012). Japanese plums have a wide range of
climate adaptation from temperate to subtropical regions. They are cold hardy making them
suitable for commercial use in northeast Chinese provinces, where the temperature falls to −
40°C (Liu 2007). The fruits are mostly consumed fresh but are also preserved by canning, while
the plum trees are used for ornamental purposes and artwork, celebrating the beauty of the
flowers in China for many centuries (Faust and Surányi 1999). In North America, 53% of the
plums produced are European plums, 38% Japanese plums, and about 9% other species, such as
P. americana, P. simonii, P. nigra, and P. munsoniana (Milošević and Milošević 2018).

There are numerous breeding programs around the world for European or Japanese plums, or
for interspecific hybridization of certain species. A decade ago, interspecific crosses between
Japanese plums and apricots were used to breed new Plumcot cultivars (Jun et al. 2009).
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Breeding programs are creating new plum cultivars, which can tolerate or resist diseases, and
have higher fruit quality compared to their parent species (Zhivondov and Djouvinov 2002).
Recently, the major goal has been directed to breed for resistance to climate change and new
pests and diseases (Milošević and Milošević 2018). There are always challenges in breeding
programs, such as climatic adaptation, yield potential, ripening time, fruit characteristics,
and breeding for resistance in the created cultivars (Neumüller 2011); however, breeding
programs are great tools to expand the possibility of growing plums into the areas that have
limitation in plum cultivation. In the US, the most active plum-breeding programs are located in
California. They include both European and Japanese plums in their programs, focusing on
developing cultivars for drying (prunes) among European plums, and for the harvesting season,
fruit size, and firmness among Japanese plums. These programs created new European cultivars,
‘Sutter Prune’ and ‘Tulare Giant’, and Japanese cultivars, ‘Red Beaut’ and ‘Angeleno’ with
extended harvest seasons, large size, and high firmness (Topp et al. 2012).

The North American species are a valuable resource for breeding programs. They are adapted to
a wide range of environments and have many horticulturally important traits from their crosscompatibility between P. salicina and American species (Topp et al. 2012). Their horticulturally
useful traits include late blooming from P. umbellata Elliot and P. maritima, limited root
suckering and winter hardiness from P. americana and P. nigra, late ripening from P. hortulana,
drought tolerance from P. subcordata, and bacterial leaf spot resistance from P. angustifolia
(Okie and Hancock 2008). A breeding program was established to create cold hardy plums in
Minnesota in 1878 due to the cold weather in Minnesota. Their breeding program started with
selecting and hybridizing native plums which are the North American species and continued to
hybridize native plums with Japanese plums. Another early breeding program in South Dakota
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was also launched to hybridize native plum cultivars with Chinese apricot (P. simonii) in 1895
and created new cultivars, such as ‘Hanska’, ‘Inkpa’, ‘Kaga’, and ‘Toka’ (Hansen 1911). Despite
many challenges, several hybrids between American species and Japanese plum were created,
and they are still available until the present. ‘Superior’ was introduced in 1933 as a fiery red
plum with relatively large size, ‘Underwood’ as one of the best flavored, ‘Alderman’ and ‘Toka’
as heavy bloomers which are because their pollen is compatible with most other varieties
making them a useful source of pollination (Tepe 2018). This program provides a good example
of breeding programs that utilized the native species hybridized with foreign species (Japanese
plum) to create cultivars that are suitable for areas in which growing plums is challenging.

As climate and technologies are changing rapidly, breeding programs will need to adopt new
techniques or methods to improve the success of creating new cultivars. This will help growers
to adapt to the changing environmental climate, agricultural practices, consumer acceptability,
and other factors.

1.2.2. Health Benefits
The average nutritional value of a commercial fresh plum cultivar is assumed to be similar to
that shown in the USDA database (Table 1). Plums are an excellent source of vitamins such
as vitamin A, vitamin C (ascorbic acid), folate, and vitamin K. They are also a good source
of vitamin B1 (thiamine), B2 (riboflavin), B3 (niacin), B-6, and vitamin E. The minerals in plums
include potassium, phosphorus, magnesium, iron and zinc. They also supply dietary fiber (1.4 g)
and offer very low calories (46 kcal / 100 g) compared to the banana (89 kcal / 100g), thus a
plum is a good candidate as a low calorie snack option. In addition to their nutritional values,
plums have been proven to have various health benefits, including bone health, cognition and
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memory, antioxidant and anti-inflammatory effects, and easement of constipation (Igwe and
Charlton 2016). Early research of health benefits in plums was mostly related to the laxative
effect of prunes; however, studies during the last several decades have increased regarding
antioxidant activity that results from the phenolic phytochemicals in plums. The observed health
benefits have been reported from various studies, with different research designs (in vitro,
animal studies, and clinical studies) and different plum sources, including fresh or dried plums,
the related products, and extracts (Stacewicz-Sapuntzakis, 2013).

Table 1. Nutrient data of plum (fresh) per 100g fresh weight. (USDA nutrient database, online at
https://fdc.nal.usda.gov/fdc-app.html#/food-details/341614/nutrients)
Component

Amount

Component

Amount

Water

87.23 g

Copper

0.057 mg

Energy

46 kcal

Vitamin C

9.5 mg

Protein

0.7 g

Thiamin

0.028 mg

Total fat

0.28 g

Riboflavin

0.026 mg

Carbohydrates

11.42 g

Niacin

0.417 mg

Fiber

1.4 g

Vitamin B6

0.029 mg

Sugars

9.92 g

Folate

5 μg

Calcium

6 mg

Vitamin A

17 μg

Iron

0.17 mg

β-Carotene

190 μg

Magnesium

7 mg

β -Cryptoxanthin

35 μg

Phosphorous

16 mg

Lutein + zeaxanthin

73 μg

Potassium

157 mg

Vitamin E

0.26 mg

Zinc

0.1 mg

Vitamin K

6.4 μg
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Several studies have reported the effects of plums on bone health. Bu et al. (2008), in their in
vitro study involving two groups, investigated the effects of dried plum polyphenols on
osteoclastogenesis. They concluded that dried plum polyphenols directly inhibit
osteoclastogenesis, which leads to reduced osteoclast activity by downregulation of the Nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1), and inflammatory mediators. Rendina-Ruedy
et al. (2013) compared dried plums with other dried fruits (apple, apricot, grape, and mango)
and observed that only the dried plum had an anabolic effect on trabecular bone in the vertebra
and prevented bone loss in the tibia. This demonstrates a potentially unique anabolic effect of
plum on bone health that was absent in the other fruits studied.

Whereas most of the studies related to bone health were based on dried plums, studies on
antioxidant and anti-inflammatory health effects have mostly been carried out with the ripe
plum fruit or its products. Noratto et al. (2009) examined the phenolic fraction responsible for
the potential chemopreventive and/or chemotherapeutic action of plums and found that all
plum extract fractions were effective in the antioxidant effect on the studied cancer cell lines.
González-Flores et al. (2011) reported on the antioxidant capability of Japanese plums in clinical
trials, showing a significant increase from its baseline in urinary 6-sulfatoxymelatonin (an
antioxidant) and total antioxidant capacity levels after consuming 195 g of plum fruit twice a day
for 5 days in young, middle-aged, and elderly adults.

For the beneficial health effects of plums on cardiovascular disease risk factors, Noratto et al.
(2015) reported on the effect of plum juice compared with peach juice and a placebo group,
which ingested the same amount of sugar in either peach or plum juice in obese Zucker rats. The
results showed that the group that ingested plum juice had the lowest weight gain
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(Figure 4) and found that plum polyphenols exerted the highest anti-adipogenic and antiinflammatory effects in fat tissues. In addition, there were studies showing the antibacterial
property of plums. Yaqeen et al. (2013) observed that the ethyl acetate extracts of prunes
exhibited the highest antibacterial activity compared to the ethanol or chloroform extracts from
testing on five different gram-positive and four different gram-negative bacteria. This
antibacterial property was also observed by Cevallos-Casals et al. (2006), who reported a
selected rich phenolic plum genotype exhibiting strong antimicrobial activity
against Salmonella Enteritidis and Escherichia coli O157:H7.

Figure 4. Polyphenol-rich plum juice consumption prevented body weight gain in obese Zucker
rats. Peach and plum juice was provided ad libitum for 11 weeks, and control and lean groups
received water containing glucose to maintain isocaloric drinks. (Noratto et al. (2015).

Among various studies about the health benefits of plum, there are contradictory or
inconclusive results despite the notion that consumption of plums can be part of a healthy diet
and will contribute to overall increased fruit intake. Therefore, further studies are necessary to
evaluate the health benefits of plum intake depending on plum cultivars or related products
(juice, smoothies, or dried plums). This is due to different cultivars or products having different
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compositions and concentrations of phenolic phytochemicals, and other factors including
mechanisms related to the bioactivity in the human body.

1.3. Phenolic Phytochemicals
The high phenolic content in plums is considered as the major contributor to the plum’s
antioxidant capacity related to health-promoting properties (Noratto et al. 2009).
Phytochemicals are a large group of plant-derived compounds hypothesized to be responsible
for promoting health benefits and protecting against diseases (Arts and Hollman, 2005). Among
these phytochemicals, phenolic phytochemicals are the largest category of phytochemicals and
the most widely distributed in the plant kingdom (King and Young, 1999). Phenolics are
secondary metabolites that are mostly derived from the shikimic acid pathway (Ferrazzano et al.
2011), and their importance and crucial roles have been recognized for decades (Cheynier.
2005). Phenolics contain aromatic rings with one or more hydroxyl substituents. They were
originally studied for their contributions to organoleptical properties, such as color, astringency,
bitterness, and a range of other tactile or “mouth feel” characteristics, as well as their
physiological role in plants in reproduction, pathogenesis, and symbiosis (Grotewold 2006).
However, in recent decades, phenolics have been gradually recognized for their contribution to
the diet, since they may have potential health benefits in reducing the risk of chronic diseases
(Valdes et al. 2015, Sarkar and Shelty. 2014). Phenolic compounds play an important role as free
radical scavengers as antioxidants in biological systems, and their capacity of scavenging free
radicals depends on their structure, especially the hydrogen atoms in the hydroxyl groups on the
aromatic ring that can be transferred to the free radicals (Leopoldini et al. 2011) and of the
ability of the aromatic compound to cope with the lone electrons as a result of the surrounding
displacement of the electron-π system (Quideau et al. 2011). Figure 5 shows two main
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mechanisms for free radical scavenging activity of phenolic compounds. The efficiency of the
hydrogen atom transfer mechanism (Figure 5.a) depends on the rapidity of the H atom transfer
to free radicals (R●) and the stability of the resulting phenoxyl radical (ArO●). The second
mechanism in Figure 5.b, a single-electron transfer mechanism requires the lower ionization
potential in phenolic compounds (ArOH), which makes it easier for a single electron to be
transferred to free radicals.

Figure 5. Two main mechanisms in free radical scavenging-based antioxidant activity of phenolic
compounds (a) Hydrogen atom transfer and (b) Single-electron transfer (modified from Quideau
et al. 2011).
Phenolic phytochemicals are classified into ten categories based on their chemical structures
(Figure 6). Among these categories, flavonoids are most abundant in total dietary polyphenols,
accounting for 60%, and phenolic acids are second, accounting for 40 % (Nichenametla et al.
2006). Although the percentage of absorbed phenolics in human diets is usually quite low
(Forester and Waterhouse, 2009), researchers have observed a large quantity of metabolites of
phenolics in the form of simple phenolic acids in the blood. The amount and form in which plant
phenolic substances are administered significantly influence the physiological effects connected
with their consumption (Vacek et al. 2010). Daily intake of about 1 g phenolic compounds, being
12

the most abundant antioxidants in the diet, is generally consumed with foods, and it is reported
that it is about ten times higher than the intake of vitamin C and 100 times that of vitamin E
(Scalbert et al. 2005). Thus, the importance of phenolics in human diets is still gaining attention.

Phenolic Phytochemicals

Phenolic Acids

Flavonoids

Anthocyanins
Flavones
Flavanones
Isoflavones

Flavonols

Stilbenes / Lignans

Flavanols

Proanthocyanidins

Catechins
Epicatechins

Procyanidins

Prodeliphinidins

Figure 6. Types of phenolic phytochemicals (Navas et al. 2012).

The major phenolic phytochemicals in plums are anthocyanins, flavonols, flavan-3ols (including
proanthocyanidins), and hydroxycinnamic acid derivatives (Fanning et al. 2014). In the next two
sections, anthocyanins and phenolic acids will be examined with regard to the chemistry from
their structures and to the biological activity that may promote human health.
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1.3.1. Anthocyanins
The flavonoids account for the largest group of phenolic phytochemicals and they are
responsible for the color and taste of many fruits and vegetables (Hoensch and Oertel, 2015).
Flavonoids include over 600 different naturally occurring anthocyanins that are widely
distributed among 27 families, 73 genera, and innumerable species (Anderson and Jordheim,
2006). Anthocyanins are naturally occurring water-soluble pigments, responsible for the red,
purple, and blue colors found in many fruits, vegetables, cereal grains, and flowers. They are
common components of the human diet (He and Giusti, 2010). Anthocyanins play two major
roles in plant species, attracting pollinators using their colors and preventing photo-oxidative
damage from UV irradiation (Pervaiz et al. 2017). There are many studies reporting on the effect
of processing and storage for changes and stability of colors of anthocyanins in foods such as
fruits and for their use as natural colorants. However, more recently, the interest in
anthocyanins has been directed toward their biological effects due to their strong antioxidant
activity affecting many chronic diseases. There are many hypotheses regarding the mechanisms
by which anthocyanins act as antioxidants in the food in which they are found since they act as
photoprotective agents against UV irradiation.

1.3.1.1. Chemistry and Occurrence
Anthocyanin structures are represented by the skeleton, flavylium cation (2phenylbenzopyrilium), called anthocyanidins. They are derived from flavonol, but they have a
positive charge at the oxygen atom since they don’t have ketone oxygen at the 4-position in the
C-ring (Figure 7). The center of the anthocyanidin, the flavylium, specifically has the C6-C3-C6
flavonoid structure, surrounded by one fused aromatic ring (A ring), one heterocyclic
benzopyran ring (C ring), and one phenyl component (B ring). There are hundreds of
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anthocyanins varying in the basic anthocyanidin skeleton and the position of glycosides that are
attached to the structure, called the glycosides of flavylium salts (Harborne and Grayer, 1988).
For clarity, anthocyanins are the glycosylated molecules, while anthocyanidins are the sugarfree counterparts.

Figure 7. Basic structure of flavonol and anthocyanin (pH < 3).

The color and stability of anthocyanins are influenced by many factors, such as pH, light,
temperature, and structure. Under acidic conditions, anthocyanins appear as red but turn blue
when the pH increases. Figure 8 shows the color change in anthocyanin equilibrium through
acid–base, water addition–elimination, and isomerization (Pina et al. 2012). In addition,
glycosylation of anthocyanidins results in additional reddening of the obtained anthocyanins,
while the presence of aliphatic or aromatic acyl moieties causes no color change or slight blue
shift and has a significant effect on their stability and solubility (Tanaka et al. 2008). Each
anthocyanin structure in Figure 8 displays specific characteristics (a charge, electronic
distribution, planarity, and shape) controlling important roles in its chemical reactivity and
interactions with other components in plants or food. Therefore, understanding these structures
under specific conditions will be important to interpret their fate after human ingestion and
their effects on human health, considering they may be consumed as a complex mixture of
these species.
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Figure 8. Structural transformations of anthocyanins in an aqueous medium with different pH.

90% of naturally occurring anthocyanins are from six anthocyanidins: cyanidin, delphinidin,
malvidin, pelargonidin, peonidin, and petunidin (30% cyanidin, 22% delphinidin, 18%
pelargonidin and a total of 20% peonidin, malvidin, and petunidin) (Anderson and Jordheim,
2006). Figure 9 shows the different structures of the six anthocyanidins, which differ in the
patterns of substituents in the B ring. Anthocyanidins that are hydroxylated in the B ring
(cyanidin, delphinidin, pelargonidin, and peonidin) are more abundant than those with a
methoxylation in the B ring (malvidin and petunidin), accounting for 70% and 20%, respectively.
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Figure 9. Structures of common anthocyanidins

Besides anthocyanin color change by pH and glycosylation, the color of anthocyanidins
(aglycone of anthocyanins) differs with the number of hydroxyl / methoxyl groups, that are on
the molecules (especially those substituted on the ring B) (Delgado-Vargas and Parades-López,
2003) (Figure 10). Cyanidin is a reddish-purple pigment and is the major pigment in berries and
other red-colored vegetables such as red sweet potato and purple corn. Delphinidin appears as
a blue-reddish or purple pigment. The blue hue of flowers is due to the delphinidin pigment.
Pelargonidin appears as a red-colored pigment. Pelargonidin gives an orange hue to flowers and
red color to some of the fruits and berries (Anderson and Jordheim, 2010). Among the three
methoxylated anthocyanidins, peonidin is abundantly found in berries, grapes, and red wines.
Malvidin is another methoxylated anthocyanidin and is abundant in blue colored flowers.
Malvidin is also the major red pigment in red wine. It appears as darker dusty red in mature red
wines. Petunidin has been detected in blackcurrants and purple petals of flowers (Khoo et al.
2017).
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Figure 10. The color change of anthocyanidins depending on the substituents in B ring (Ananga
et al.2013).

Over 600 anthocyanins have been isolated from different plant species (de Pascual-Teresa and
Sanchez-Ballesta, 2008), each having a single or multiple sugar moieties bonded at the
hydroxylated positions on the basic backbone structure. The sugar moieties are generally
conjugated to the anthocyanidin structure by the C3 hydroxyl on C ring. The glycosyl moieties in
anthocyanins help to increase water-solubility of the pigments and the anthocyanidin stability
(Anderson and Jordheim, 2014). The various mono-, di-, and trisaccharides found in
anthocyanins are formed by glucosyl, galactosyl, rhamnosyl, arabinosyl, xylosyl, glucuronosyl,
and apiosyl units. One or more glucosyl units have been identified in 90 % of anthocyanins
(Figure 11.a), whereas the most unusual glycosyl, the apiosyl unit (furanose), was identified in
only five anthocyanins in African Milk Bush (Figure 11.b) (Anderson et al. 2010). More than 69%
of the reported anthocyanins contain one or more acyl groups attached to their sugar moieties
(Figure 11.b), and anthocyanin properties are highly affected by the nature, number, and linkage
positions of these acyl groups (Anderson and Jordheim, 2014).
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Figure 11. Structure of (a) the abundant cyanidin with glucose and (b) the unusual acylated
cyanidin with apiose detected from African Milk Bush.

1.3.1.2. Distribution and Content in Fruits and Vegetables
Anthocyanins are detected in various red-purple colored fruits and vegetables (Horbowicz et al.
2008). (Table 2). The most consumed anthocyanins in human diets belong to the fruits in family
Rosaceae (apple, blackberry, raspberry, strawberry, cherry, and plum), the genera Vaccinium
(blueberry, bilberry, and cranberry), and the Ribes (black and red currents). Among different
fruits and vegetables or even cultivars in the same fruits and vegetables, the total anthocyanin
content varies significantly with huge ranges of anthocyanin content, as shown in Table 2.
Anthocyanin accumulation in fruits and vegetables can be affected by various factors, such as
genes, light, temperature, and agricultural practices. In general, the level of anthocyanins in
fruits is much higher than in vegetables, especially berries and black currents being the richest
among fruits. There is only one vegetable, eggplant, that contains a higher level of anthocyanins
than some berries (Table 2). However, anthocyanin contents in purple potatoes and purple
sweet potatoes were reported to be the greatest among vegetables in other studies, 13,830 mg
/ kg Fresh Weight and 14,070 mg / kg Fresh Weight, respectively (Fossen and Anderson. 2000,
Cevallos-Casals and Cisneros-Zevallos, 2003).
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Table 2. Total anthocyanin content in common fruits and vegetables (Horbowicz et al. 2008).

Fruit or Vegetable
Apple (peel)
Bilberry

Total
Anthocyanin Content
(mg / kg Fresh
Weight)
100-2,160
4,600

Fruit or Vegetable
Plum
Raspberry (red)

Blackberry

820-1,800

Raspberry (black)

Blueberry

825-5,300

Strawberry

Total
Anthocyanin Content
(mg / kg Fresh
Weight)
19-250
100-600
763-4,277
127-360

Cherry

3,500-4,500

Current (black)

Chokeberry

5,060-10,000

Current (red)

119-186

Cranberry

460-2,000

Cabbage (red)

250

Elderberry

2,000-15,600

Grape (red)

300-7,500

Radish (red)

110-600

Grape (blue)

80-3,880

Onion (red)

Up to 250

Orange, blood

2,000

Eggplant

Rhubarb

1,300-4,000

7,500

Up to 2,000

The structure diversity of anthocyanins in vegetables are more complex than those in fruits. For
example, simple anthocyanins without acylated groups are present more in fruits than in
vegetables, 74% and 16% respectively, (Anderson and Jordheim, 2014). The acylated group in
vegetable anthocyanins increases the stability of anthocyanins, suggesting why red cabbage and
colored potatoes have been utilized as the potential food colorants (Opheim and Anderson,
1992). In addition, it was reported that the molecular weight of ‘average anthocyanins’ in
vegetables was 887.2 Da, greater than 556.3 Da in fruits (Anderson and Jordheim, 2014).

The variation of anthocyanin contents in fruits and vegetables is influenced not only by various
factors, such as genotype, environments, agricultural practice, but also by challenges in different
analytical methods used in anthocyanin measurement. This will be discussed in Section 1.4.1.1.
Moreover, analysis of the anthocyanin content in human dietary intake is even more challenging
due to more complex conditions in the human body than in the laboratory. Therefore, the next
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section will introduce studies related to both anthocyanin bioavailability and biological activity
when anthocyanins are consumed for human health benefits.

1.3.1.3. Antioxidant Activity
Previous studies on anthocyanins were primarily focused on coloring properties of anthocyanins
that could be utilized for natural food colorants. However, in recent decades, anthocyanins have
attracted attention due to their antioxidant activity and proposed effects on human health (Silva
et al. 2016, Santos-Buelga et al. 2014). The unique structure of anthocyanins with a positively
charged flavylium cation has drawn attention to their potential for high antioxidant activity.
Phenolic phytochemicals were known to be antioxidants as described in the section 1.3 with two
major antioxidant mechanisms due to hydroxyl groups in the aromatic rings. Anthocyanins also
contain hydroxyl groups in their structures, serving as antioxidants by donating a hydrogen atom
or one electron; however, the positive charge on the anthocyanidin structure provides
additional advantages as hydrogen atom donors (Kong et al. 2003). Figure 12 displays the
resonance stabilized anthocyanidin after donating a hydrogen atom to a reactive oxygen
species, acting as an effective antioxidant. De Gaulejac et al. (1999) also hypothesized that
superoxide radical (O2● ̶ ) favors the oxonium ion (positive charge on oxygen in C ring) of
anthocyanins, addressing the relationship between the positive charge on anthocyanins and
their potential high antioxidant activity.
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Figure 12. Resonance structures of cyanidin after reacting with reactive oxygen species (RO●).

Adjacent hydroxyl groups in the B ring (catechol moiety) can chelate with metal ions involved
with Fenton reactions, preventing the formation of reactive oxygen species, such as hydroxyl
radical (OH●) (Figure 13). There also are other factors involved in anthocyanin antioxidant
activity, such as hydroxylation and methylation pattern, acylation, and glycosylation (Yang et al.
2011). Glycosylation of anthocyanin decreases radical scavenger activity as compared with
anthocyanidin (aglycone of anthocyanin), as it reduces the ability to delocalize electrons in
anthocyanin (Wang and Stoner, 2008), whereas acylation with a phenolic acid significantly
increased antioxidant activity in anthocyanins detected in Muscat Bailey A grape (Tamura and
Yamagami, 1994). The substituents in the B ring influence the antioxidant activity with the order
of efficiency as – OH (hydroxyl) > −OCH3 (methoxyl) >> −H (Rossetto et al. 2007). Therefore, the
effectiveness of antioxidant activities in anthocyanidins is in the order of delphinidin > petunidin
> malvidin = cyanidin > peonidin > pelargonidin (Rahman et al. 2006).
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Figure 13. Catechol moiety in cyanidin chelates with Fe3+ ion to generate reactive oxygen species
in the Fenton reaction.

1.3.1.4. Bioavailability
To validate the health promoting properties of anthocyanins, it is necessary to understand their
pharmacokinetics, which are closely correlated with biological activity. Anthocyanins display
complex chemical behavior in vitro and in vivo (McGhie and Walton, 2007), in terms of
absorption, metabolism, distribution, and excretion (He and Giusti, 2010, Cisowska et al. 2011),
each of which influences the extent and impact of any health promoting properties. Many
studies of anthocyanin pharmacokinetics suggest that anthocyanins are poorly bioavailable.
After the intake of anthocyanins, they are absorbed in both native forms and metabolites, and
excreted in the urine at very low levels compared to the intake doses (McGhie and Walton,
2007), resulting in total urinary excretion of anthocyanins (less than 0.1%) and the maximum
plasma concentrations calculated at nanomole or nanogram level both in animals and humans
(Cao et al. 2001, McGhie et al. 2003, Vitaglione and Donnarumma, 2007).
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The bioavailability of anthocyanins depends significantly on their chemical structure, particularly
related to the structure of the anthocyanin aglycone (the anthocyanidin) and to the nature of
the sugar moiety (Pojer et al. 2013). For example, higher concentrations of malvidin than
delphinidin and cyanidin were measured in rat and human urine due to malvidin’s
hydrophobicity caused by the substitution of the hydroxyl groups with methoxyl groups in the B
ring. Consequently, malvidin with two methoxyl groups was absorbed less than delphinidin and
cyanidin (McGhie et al. 2003). The sugar moiety attached to anthocyanidin also influenced the
anthocyanin pharmacokinetics. For example, galactoside was more absorbed than arabinoside,
so the plasma concentration was higher for galactoside and lower for arabinoside (McGhie et al.
2003). Additionally, the sugar moiety affected the hydrolysis of anthocyanin glycosides by the
intestinal microflora, resulting in anthocyanin glucosides being more hydrolyzed than
galactosides, arabinosides, or xylosides (Keppler and Humpf, 2005).

The food matrix also influences the bioavailability of anthocyanins, whether anthocyanins were
consumed with other antioxidants, micronutrients, or macronutrients. For example, Mullen et
al. (2008) reported that anthocyanins in strawberries were highly bioavailable, with urinary
levels reaching more than 1%, whereas blackberry with a high concentration of cyanidin 3-Oglucoside were low in bioavailability with only 0.16% urinary recovery (Kay et al. 2009). Overall,
anthocyanin bioavailability is complex with various factors from their structures and the form of
anthocyanin intake, resulting in inconsistent conclusions among studies, and thus more studies
are necessary to understand the biological activity of anthocyanins in the human body.
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1.3.1.5. Biological Activity
Multiple studies have concluded that anthocyanins may play important roles in many
pathologies, summarized in Figure 14 (Ullah et al. 2019). Anthocyanins exert anti-diabetic (via
AMPK activation) and anti-obesity effects, and they act as neuroprotective agents (Prior and
Wu, 2006, Tsuda 2012). They may be beneficial in reducing inflammation by downregulating
COX-2 and iNOS and exerting cardiovascular protection (Mazza 2007, He and Giusti 2010).
Additionally, they seem active in preventing and inhibiting cancer growth (Cooke et al. 2005,
Wang and Stoner 2008, Thomaset et al. 2008) and have neuroprotective activities by
diminishing glutamate-induced neurotoxicity and increasing glutathione content (He and Giusti,
2010). However, there are still conflicting results observed in experiments, including animal
models, cell-line studies, and human clinical trials. This section will describe several studies
related to anthocyanin biological activity, focusing on anti-inflammatory effects, anti-diabetic,
and anti-obesity properties.

25

Figure 14. General overview of biological activities of anthocyanins (Ullah et al. 2019).

Inflammation is the body's natural reaction against injury and infection. The enzyme,
cyclooxygenase (COX), converts arachidonic acid to prostaglandins when it gets stimulated by
inflammation. Anthocyanins in vitro displayed the ability to inhibit mRNA and/or protein
expression levels of COX-2 (Afgaq et al. 2005) as effective anti-inflammatory agents. Among
anthocyanidins, cyanidin had more significant anti-inflammatory effects than aspirin (Wang et
al. 1997). Cyanidin and delphinidin inhibited COX-2 expression, while pelargonidin,
peonidin, and malvidin did not (Hou et al. 2005), showing that only ortho-dihydroxyl (adjacent
two hydroxyl groups in B ring) had anti-inflammatory properties. Blueberry anthocyanins
reduced all inflammatory parameters in rat models (Rossi et al. 2003), whereas red-wine
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anthocyanins inhibited only TNF-α-induced inflammation through modulation of endothelial
monocyte chemoattractant protein-1 (Garcia Alonso et al. 2009).

Both type-2 diabetes and obesity are considered to be metabolic disorders and metabolic
syndrome. Type-2 diabetes is linked to insulin resistance and relative insulin deficiency and is
characterized by a high blood glucose level. Obesity is associated with an imbalance of energy
intake and expenditure and is characterized by the excessive accumulation of adipose tissue.
Various studies examined the effectiveness of anthocyanins in both metabolic disorders. In
vitro, several anthocyanins and anthocyanidins were investigated, demonstrating that only
pelargonidin 3-O- galactoside and its aglycone stimulated insulin secretion from rodent
pancreatic β-cells with a 1.4 – fold increase in the presence of 4mM glucose, whereas other
anthocyanins and their aglycones had the only marginal effect (Jayaprakasam et al. 2005). In
animal studies, the anthocyanin intake improved insulin sensitivity and consequently inhibited
an increase of blood glucose level in a type-2 diabetic mouse model (Takikawa et al. 2010). In
another study with 24 male mice, intake of cyanidin 3-O- glucoside rich purple corn extract for
12 weeks suppressed a high-fat diet-induced body weight gain and regulated insulin sensitivity
associated with adipocytokine secretion (Tsuda et al. 2003). In contrast, cyanidin 3-O-rutinoside
rich black raspberries did not prevent body weight gain or accumulation of body fat in mice fed
a high-fat diet (Prior et al. 2010). Consuming blackberries as a source of anthocyanins, however,
resulted in additional calorie intake from sugar. Therefore, only purified anthocyanins or
anthocyanin-rich fruits or vegetables without high sugar content may contribute to the antiobesity activity.
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Despite the low bioavailability and not having well-defined mechanisms for the biological
activity of anthocyanins, there is still great interest in anthocyanins and their health promoting
properties. A newer approach is to examine anthocyanin metabolites, which may be responsible
for anthocyanin bioactivity and provide an understanding of metabolic pathways of
anthocyanins in complex biological systems.

1.3.2. Phenolic Acids
Phenolic acids are another main class of phenolic phytochemicals, comprising one-third of the
dietary phenolic phytochemicals (Scalbert et al. 2005). The term, phenolic acids, generally
describes the phenolic compounds having one carboxylic acid group. They are found in a variety
of plant-based foods, such as seeds, fruits, and vegetables. Phenolic acids are mainly divided
into two sub-groups: derivatives of hydroxybenzoic acid and hydroxycinnamic acid. Both
phenolic acids are synthesized from the shikimate pathway from L-phenylalanine or L-tyrosine
(Rice-Evans et al. 1996). Phenylalanine and tyrosine are the precursors for most of the natural
phenolic phytochemicals. The C6C3 structure of cinnamic and /or p-coumaric acids are
synthesized by deamination of phenylalanine and/or tyrosine, then aromatic rings in cinnamic
and p -coumaric acids are hydroxylated and methylated to form their derivatives, caffeic and
ferulic acids, respectively. Benzoic acids are produced by the degradation of the side chain of
cinnamic acid, then the same hydroxylation and methylation reactions can occur in the aromatic
ring of benzoic acid, giving the corresponding derivatives, p-hydroxybenzoic and vanillic acids
(Figure 15).
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Figure 15. Cinnamic and benzoic acid derivatives by hydroxylation and methylation.

1.3.2.1. Hydroxycinnamic and Hydroxybenzoic Acid
Hydroxycinnamic acids, derived from cinnamic acid, are not present in plants as a free form, but
occur most frequently as simple esters with quinic acid or glucose. The most familiar of these
are two caffeoylquinic acids, chlorogenic and neochlorogenic acid. The four most common
hydroxycinnamic acids are ferulic, caffeic, p-coumaric, and sinapic acids. These differ in the
number of hydroxyl and methoxyl groups on the aromatic ring. Hydroxycinnamic acids occur in
plants as esters with different carboxylic acids, such as malic, shikimic, tartaric, and galactaric
acid. On the other hand, hydroxybenzoic acids, derived from benzoic acid, are found in soluble
forms conjugated with sugars or organic acids (Hermann, 1989). The four commonly found
hydroxybenzoic acids are p-hydroxybenzoic, protocatechuic, vanillic, and syringic acids (Figure
16), again differing in the number of hydroxyl and methoxyl groups.
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Figure 16. The most common (a) hydroxycinnamic acids and (b) hydroxybenzoic acids.

Hydroxycinnamic acids are rich in legumes, cocoa, fruits, oils, herbs, spices, nuts, vegetables,
and cereals. In addition, beverages such as coffee, beer, and wine are important dietary sources.
Some foods are particularly rich in hydroxycinnamates, which are esterified hydroxycinnamic
acids. For example, coffee has been reported to contain 1.13 mg /100 mL of caffeic acid and
green olives have 83 mg /100 g of sinapic acid. Hydroxycinnamic acid derivatives with quinic acid
were found in numerous fruits, for example, p-coumaroylquinic acid in apple and 5-Oferuloylquinic acid in tomato. These are typically abundant in fruits, but some fruits, such as
grape, cranberry, and strawberry, contain none (Fleuriet and Macheix, 2003).

The hydroxybenzoic acids generally are found in lower concentrations in plant-based foods
compared to the hydroxycinnamic acids. Major dietary sources include berries, herbs, spices,
and beverages, such as fruit juice, tea, beer, wine, and spirits. Up to 14 mg /100 g of vanillic acid
in basil has been reported. Walnuts are rich in syringic acid (57.45 mg/100 g), and 100 g tea can
contain up to 10.35 mg gallic acid. Soft fruits, such as berries and currants, appear to be
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particularly rich dietary sources of both free and esterified hydroxybenzoic and hydroxycinnamic
acids compared with other commonly consumed fruit (Russell et al. 2009). P-Hydroxybenzoic
and vanillic acids are present in numerous fruits and vegetables, present mainly as the form of
O- glucosides (Hermann, 1989). Other derivatives have been detected in certain fruits, including
the methyl ester of p-hydroxybenzoic acid in passion fruit, 3,4-dihydroxybenzoic aldehyde in
banana, and a phenylpropene benzoic acid derivative in fruits of Jamaican Piper species
(Hermann, 1989).

Similar to anthocyanin contents, the accumulation of phenolic acids in fruits and vegetables
varies strongly in relation to various factors, such as genetics, maturity, environment, and
agronomical practices. These factors influence phenolic acid biosynthesis and degradation,
resulting in a wide range of phenolic acid contents not only between species but also in cultivars
of the same species. In addition, the inconsistent analytical methods between studies may
contribute to the wide variation in reported content of phenolic acids in food.

1.3.1.2. Antioxidant Activity
There is a relationship between antioxidant activity and chemical structures of phenolic acids.
The presence of – CH = CH – COOH (propenoic side chain) in hydroxycinnamic acid contributes
to a better aromatic ring stabilization than hydroxybenzoic acid. The presence of hydroxyl
groups in ‘ortho’ or ‘para’ position, or both positions, in the aromatic ring, improved antioxidant
activity of the respective phenolic acid due to its electron-donating effect that increases the
hydrogen-donating capacity for reaction with free radicals. In addition, the presence of one or
two methoxy groups (OCH3) favored the antioxidant behavior of the respective phenolic acid
(Rice-Evans et al. 1996). According to these structural characteristics, hydroxycinnamic acids
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have been known to be better antioxidants than hydroxybenzoic acids. Caffeic and sinapic acid
should be the most potent antioxidants among hydroxycinnamic acids, and protocatechuic and
syringic acid among hydroxybenzoic acids. Comparing all, caffeic acid should have the best
antioxidant ability (Natella et al. 1999). However, the true antioxidant activity of different
phenolic acids needs to take into consideration their bioavailability and biological activity with
respect to their applications in human health.

1.3.1.3. Bioavailability
The biological effects of the phenolic acids in humans are directly related to their bioavailability,
which varies primarily with the chemical structure and with their metabolic and excretion routes
after absorption (Manach et al. 2005). To examine the bioavailability, several studies reported
on the occurrence, dietary intake, and pharmacokinetic properties of phenolic acids. Regarding
absorption, caffeic and ferulic acids, as esters with sugars, organic acids, and lipids, showed
intestinal absorption (Kroon et al. 1997). Caffeic and ferulic ester derivatives were not practically
absorbed in the small intestine due to the lack of the enzyme, esterase, in tissues; however, the
possibility for absorption and metabolism was hypothesized from the participation of other
enzymatic systems, such as xylanases and esterases, in the intestinal microflora (Plumb et al.
1999). Nardini et al. (2002) reported that caffeic acid and other related metabolites were
detected in the plasma after coffee ingestion. This study confirmed that chlorogenic acid in
coffee, which is the ester of caffeic acid, was absorbed mainly in the colon after hydrolysis by
the microflora. However, the free form of ferulic acid was rapidly absorbed and excreted in the
urine, whereas the bound form of ferulic acid ester was not (Zhao et al. 2004). Therefore, the
free form of phenolic acids as simple chemical structures are absorbed in the intestine and
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rapidly metabolized as conjugated derivatives, but for the bound form of structures, absorption
occurs mainly in the colon after hydrolysis by the microflora (Nardini et al. 2002)

1.3.1.4. Biological Activity
Phenolic acids have potential therapeutic value in different diseases, showing antiinflammatory, anticancer, neuroprotective, antidiabetic, and radioprotective effects in various
studies (Gassara et al. 2014). Sultana (2011) reported that a hydroxycinnamic acid derivative,
ferulic acid ethyl ester, maintained its antioxidant activity for scavenging free radicals because of
its capacity to cross cell membranes that are rich in lipids, such as in the brain. This study
contributed to encouraging new research on the possibility of controlling Alzheimer’s disease
oxidative stress using a natural antioxidant (Masson 2014). The hydroxycinnamic acid with a
sugar moiety, feruloyl-L-arabinose, suppressed penetration, migration, and production of
reactive oxygen species (ROS) in lung cancer cells, showing anticancer effects (Fang et al. 2013).
Choi and Park (2015) found that ferulic acid inhibits homologous recombination (HR) repair of
DNA and RAD 51 (eukaryotic gene) formation in breast cancer cells. Moreover, ferulic acid
revealed a remarkable chemotherapeutic effect in combination with veliparib (anticancer drug)
treatment.

The effect of caffeic acid on inflammatory processes and damage in Parkinson’s disease was
studied by Tsai et al. (2011). To observe the effect on the inflammatory injury, three
concentrations of caffeic acid were used in experiments measuring neurotropic factors in
neurotoxic drug MPTP treated mice. Results indicated a positive effect with elevated caffeic acid
in the brain, reduced inflammatory damage, and dopamine loss, displaying caffeic acid as a
neuroprotective agent in the case of Parkinson’s disease. Tsai et al. (2011) also suggested a
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future study that could examine caffeic acid at higher doses for a longer period to evaluate the
concentration dependency. The concentrations of phenolic acids with respect to biological
activity is critical due to their possible pro-oxidant activity from generating excessive free
radicals. Maurya and Devasagayam (2010) reported that ferulic and caffeic acid were involved in
Fenton reactions as pro-oxidants above a concentration of 5 μM, indicating that both were
antioxidants only at low concentrations.

As discussed in the section on anthocyanin bioactivity, the bioactive properties of phenolic acid
metabolites may be different from the corresponding parent compounds after phenolic acid
ingestion. Therefore, studies on phenolic acid bioactivity should consider comparing both parent
compounds and metabolites for diverse biological applications. Kumar and Goel (2019)
summarized the wide diversity of potential applications of phenolic acids with a pictorial
representation, as shown in Figure 17.
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Figure 17. Schematic representation of different applications of phenolic acids (Kumar and Goel,
2019).

1.3.3. Bioactivity of Other Phenolics
Besides anthocyanins and phenolic acids, there are other phenolic phytochemicals that also
exhibit remarkable bioactivities. Other flavonoids besides anthocyanins have also shown
powerful bioactivities. For instance, the flavan-3ols, catechins, and their derivatives relieved
degenerative diseases and brain aging processes. In addition, they are shown as strong
neuroprotective chemicals that are useful for preventing Parkinson’s and Alzheimer’s diseases
(Weinreb et al. 2004, Dai et al. 2006). Maeda et al. (2003) reported that (+)-catechin was also an
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effective agent that delayed the development of the atheromatous lesions. The flavonol,
kaempferol, acted as a potent neuroprotection agent by attenuating caspases cleavage and
apoptotic nuclei, followed by guarding SH-SY5Y cells and important neurons from rotenone
toxicity, whereas other flavonols, such as quercetin, and myricetin, or the stilbene, resveratrol,
didn’t protect SH-SY5Y cells and primary neurons from rotenone toxicity (Filomeni et al. 2012).
However, quercetin displayed a blood pressure-lowering effect by inhibitory activity against
angiotensin-converting enzyme (ACE) and enhanced endothelium-dependent and -independent
function (Larson et al. 2012). In addition, quercetin decreased the incidence of coronary heart
disease by attenuating the expression of metalloproteinase 1, and also interfered with the
accumulation of plaques in the artery wall (García-Lafuente et al. 2009). (+)-Catechin, (-)epicatechin, isoflavones, tannic acid, and chlorogenic acid have also displayed anti-diabetes
potential by reducing the intestinal transport of glucose through S-Glut-1 (Milne et al. 2007).
The consumption of the isoflavone, genistein, improved the function of the lung in asthmatic
patients (Smith et al. 2004). Moreover, isoflavones such as genistein and daidzein enhanced
bone mineral density in ovariectomized rats (Nakajima et al. 2001).

Despite low bioavailability, most phenolic phytochemicals demonstrated significant biological
effects in various studies, highlighting the low bioavailability / high bioactivity paradox. Recent
studies, however, have paid attention to phenolic phytochemical metabolites, many of which
showed similar or higher essential biological effects in comparison to the parent compounds.
For example, ellagitannins were evaluated in the review of polyphenolic metabolites by Luca et
al. (2020) with respect to their bioavailability and bioactivity. Ellagitannins are the major form
for human ingestion, but they are not usually absorbed, and they are hydrolyzed to ellagic acid,
which cannot be absorbed well due to its structural hydrophobicity, resulting in very low

36

bioavailability. However, ellagic acid can be further absorbed or metabolized by gut microflora,
displaying its bioactivity. Figure 18 shows the ellagitannin metabolic pathways and their
bioactivities related to the metabolites of hydrolyzed ellagitannin, ellagic acids.
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Figure 18. Ellagitannin metabolic pathway (Luca et al. 2020).
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Future research on the relationship between bioavailability and bioactivity will contribute to the
understanding of the mechanism of bioactivity of phenolic phytochemicals. Furthermore,
Wolfram and Trifan (2018) suggested evaluating parent compounds and their metabolites using
modern tools such as bioinformatics in future studies. These considerations will help elucidate
the contribution of metabolites to the health benefits of phenolic phytochemicals and give a
better understanding of the role played by dietary phenolic phytochemicals.

1.4. Analysis of Phenolic Phytochemicals
Many efforts have been made to provide a highly sensitive and selective analytical
method for the determination and characterization of phenolic phytochemicals. This section will
explore the information related to the developments in the identification and quantification of
phenolic phytochemicals by chromatographic and spectral techniques and measuring total
phenolic concentration and antioxidant activity.

1.4.1. High Performance Liquid Chromatography (HPLC)
Among the various methods available in the analysis of phenolic phytochemicals, HPLC has been
preferred for the separation and quantification in fruits and vegetables (Cortés-Herrera et al.
2018). Typically the chromatographic conditions of the HPLC methods include the use of a
reversed-phase C18 column, a binary solvent system containing acidified water (solvent A) and a
polar organic solvent (solvent B), and detection using a UV–Vis diode array detector (DAD), mass
spectrometry (MS), or tandem mass spectrometry (MS-MS) (Ignat et al. 2011). Various supports
and mobile phases are available for the analysis of different classes of polyphenols like
anthocyanins, procyanidins, flavonones, flavonols, flavan-3ols, procyanidins, flavones, and
phenolic acids. The use of reversed-phase (RP) columns (mainly RP C18) has improved the
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separation of phenolic compounds in complex matrices; however, C8 and C12 columns have also
been used for other analyses (Oh et al. 2008, Kyllie 2011). While HPLC is the primary separation
tool, there have been disadvantages in both detection limit and sensitivity, especially when
complex matrices of phenolic compounds, such as crude plant extracts and environmental
samples, were analyzed by HPLC. Therefore, initial separation and purification of groups of
phenolic compounds from complex matrices is necessary prior to the HPLC analysis. The
purpose of this preliminary separation and purification is to simplify the chromatograms
obtained by removing potential interfering components so that phenolic compounds of interest
can be identified and quantified. The procedure of separation and purification includes liquid–
liquid extraction separated by two immiscible solvents, open column chromatography using
different column material, such as Sephadex LH-20, polyamide, or Amberlite, and solid phase
extraction (SPE) using commercially available cartridges with different phases like normal,
reversed, and ion exchange. This procedure provides significant benefits of separating phenolic
compounds before analyzing with HPLC, so that identifying and quantifying each phenolic
compound will be obtainable in the HPLC analysis.

1.4.1.1. Identification and Quantification
In HPLC, some characteristics of eluted phenolic compounds can be collected using the
detection system, depending on the chemical structure of the molecule. For example, UV/Vis
absorption spectra coupled with the retention time, can contribute to the identification of
phenolic phytochemicals by comparison with reference standards. The limitation of
commercially available standards for identification can be solved by HPLC coupled with mass
spectrometry (HPLC-MS). HPLC–MS techniques provide a powerful analytical approach to
characterize phenolic phytochemicals, especially for the complex phenolics, such as
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procyanidins, proanthocyanidins, prodelphinidins, and tannins. The principle of mass
spectrometry involves ionizing chemical compounds to produce charged molecules or molecule
fragments and measuring their mass-to-charge ratios (m/z). There are different sources used in
MS, such as fast atom bombardment (FAB), electrospray ionization (ESI), atmospheric pressure
ionization (API) including atmospheric pressure chemical ionization (APCI), atmospheric pressure
photo-ionization (APPI), and in parallel to the advent of electrospray advent, matrix-assisted
laser desorption ionization (MALDI). Electrospray ionization in MS has been used to identify
phenolic compounds and establish phenolic fingerprints from complex extracts, and the matrixassisted laser desorption ionization time of flight (MALDI-TOF) has been utilized to analyze the
presence of high molecular weight compounds with high accuracy (Ignat et al. 2011). Fulcrand et
al. (2008) succeeded in studying procyanidin oligomers up to heptamers in the reflectron mode,
and up to nonamers in the linear mode of MALDI-TOF-MS.

The lack of commercially available standards for quantification provides challenges. However,
efforts to synthesize relevant compounds have been ongoing to overcome this problem
(Robards 2003). Most quantification using HPLC is typically based on the measurement of UV
absorption or visible radiation absorption in the case of anthocyanins. In order to quantify a
compound of interest, the peak area in the UV chromatogram is measured and calculated based
on the calibration curve generated with a reference standard. However, many studies of
phenolic quantification used a single calibration standard for all different classified groups of
phenolic compounds. This creates problems because no single wavelength is ideal for all classes
of phenols since they display absorbance maxima at different wavelengths and have different
molar absorptivities. Due to this problem, Wang et al. (1999) attempted for the first time to
quantify fructooligosaccharides in red onion and garlic using MALDI-TOF-MS with standard
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addition in analytes. The quantification results, however, showed huge differences from the
commonly used method in the quantification of oligosaccharides, HPAE-PAD (High performance
anion exchange chromatography with pulsed amperometric detection). A review of the use of
MALDI-TOF-MS in oligomeric polyphenol (Madrigal-Carballo et al. 2013) suggested that MALDITOF-MS methods for quantification and characterization should be plant specific because
general methods in quantifying oligomeric plant polyphenols across plant species might be
misleading. For example, methods using homopolymeric procyanidins standards (Hammerstone
et al., 2000) are not valid for certain foods, such as grapes, cranberries, and sorghum, which do
not contain homopolymers, because simple liquid chromatographic methods are not capable of
adequate separations in these plant species (Madrigal-Carballo et al. 2013). A recent study
(Tzima et al. 2018) reported successfully quantifying phenolics in polyphenol matrices using
UHPLC, two dimensional LC (LC x LC) coupled with MS, such as Orbitrap and Q-TOF, or by NMR,
but these methods were limited to low concentrations (nanograms). Due to ongoing challenges
in quantifying various phenolic phytochemicals and their metabolites, innovative analytical tools
are continuously being developed to solve these challenges. Hopefully, optimized methods in
the near future will provide the analytical capabilities not only to distinguish the structural
diversity of polyphenols but also to quantify a wide range of concentrations in complex
matrices.

1.4.2. Total Phenolic Concentration Measurement
Because of the challenges in quantifying individual phenolic phytochemicals due to the lack of
commercially available standards, there is a colorimetric reaction and UV/VIS
spectrophotometric detection method, the Folin-Ciocalteu assay, that has been widely used to
quantify total phenolic concentration (TPC) in plant food extracts. This method requires the use
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of a reference standard and measures the total concentration of phenolic hydroxyl groups, using
the chemical reaction of phenolic compounds with a specific redox reagent, called FolinCiocalteu reagent. Gallic acid is the most common reference standard in the assay, but (+)catechin, quercetin, or cyanidin 3-O-glucoside is sometimes used as well. After the reaction of
phenolic compounds with Folin-Ciocalteu reagent, blue complexed Mo(V) species are formed
that can be quantified by visible-light spectrophotometry at the wavelength of 765 nm. The
chemical reaction between phenolic compounds and the Folin-Ciocalteu reagent takes place
under basic conditions at pH around 10, which is achieved by adding sodium carbonate
(Na2CO3). This basic condition enables a phenolic proton to be dissociated from the phenolic
compounds, leading to the formation of a phenolate ion, which reduces the Folin-Ciocalteu
reagent (Singleton et al. 1999). The Folin-Ciocalteu method has been evolving since it was
generated from the Folin-Denis assay, which measured the content of both tyrosine and
tryptophan to determine the total concentration of protein. Singleton and Rossi (1965) adapted
the Folin-Ciocalteu assay to determine the total phenolic concentration in wine, and the method
has been adapted to measure lipophilic antioxidants (Berker et al. 2013).

There have been many efforts to use the Folin-Ciocalteu assay to determine the total phenolic
concentration with accuracy, and without interference by other components in the crude plant
food extracts. The reducing components in the crude plant extracts can react with the FolinCiocalteu reagent during the procedure, skewing the TPC data. Among these reducing
components, ascorbic acid (AA), dehydroascorbic acid (DHA) and reducing sugars (glucose and
fructose) showed the highest impact on preventing accurate measurement in the assay
(Singleton et al. 1999). Considering most fruit extracts have these reducing components,
different procedures have been proposed to prevent the interference of reducing components
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in the assay. Sánchez-Rangel et al. (2013) summarized the proposed procedures with the
modified Folin-Ciocalteu assay with addition of three steps: 1) partial purification by using Solid
Phase Extraction (SPE) cartridges before performing the assay, 2) a calculation correction by
subtracting the ascorbic acid reducing activity from the TPC data, and 3) treatment of extracts
with oxidative agents before performing the assay to oxidize interfering reducing components.
The oxidizing agent was hydrogen peroxide (H2O2), which can oxidize ascorbic acid,
dehydroascorbic acid, and reducing sugars into non-reducing components in the assay. SánchezRangel et al. (2013) discovered that SPE pre-treatment was effective for the flavonoid-rich
extracts, but not for the phenolic acids-rich extracts, because phenolic acids are not retained
well in the SPE matrix, resulting in underestimated TPC values. On the contrary, H2O2 treatment
increased the sensitivity of certain phenolic compounds to react with the Folin-Ciocalteu
reagent, resulting in overestimated TPC values. Therefore, the standard calibration curve to
calculate TPC values must be performed with the standard compound pre-treated with H2O2
under the same conditions of the sample. For example, as TPC is commonly expressed as gallic
acid equivalent by the standard calibration curve of gallic acid, the condition of generating the
calibration curve should be the same as the sample condition with pre-treated H2O2.

Besides these concerns about reducing components in the Folin-Ciocalteu assay, Everette et al.
(2010) found various other compounds that were significantly reactive toward the FolinCiocalteu reagent, such as thiol derivatives, amino acids, nucleic acids, and inorganic salts.
Overall, however, the Folin-Ciocalteu assay is simple to perform and provides consistent results
between studies (Everette et al. 2010), and thus it is convenient and is often used to compare
values between studies.
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1.4.3. Antioxidant Activity Measurement and Correlation with Phenolic Phytochemicals
Measuring the antioxidant activity/capacity levels of plant food extracts and biological fluids is
valuable for determining the nutritional value of plant food and for the diagnosis, treatment,
and development of numerous oxidative stress-related diseases. A review (Alam et al. 2013)
reported that there were more than 400 methods related to the evaluation of the antioxidant
activity of various samples, including both in vitro and in vivo methods. Among those methods,
the DPPH method was found to be used mostly for the in vitro antioxidant activity evaluation
purpose while LPO (Lipid Peroxidation) was mostly used in vivo antioxidant assay. In this section,
several selected methods for the in vitro antioxidant activity evaluation, especially those
commonly used for phenolic phytochemicals, will be examined. In addition, the correlation
between antioxidant activity (AOA) assays and the correlation of AOA assays with phenolic
phytochemicals will be investigated.

Previously, in Section 1.3 (Figure 5), two main antioxidant mechanisms for phenolic compounds
were examined, including the hydrogen atom transfer and electron transfer mechanisms. The
methods for measuring antioxidant activity are based on those two main mechanisms and
therefore are classified as hydrogen atom transfer (HAT) or electron transfer (ET)- based assays.
However, in some cases, these two mechanisms may not be differentiated with distinct
boundaries, such as those utilizing 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical reagents (Apak et al. 2016). HAT-based assays
include ORAC and TRAP assays using either β-phycoerythrin (β-PE) or fluorescein (3′,6′dihydroxyspiro[isobenzofuran-1[3H],9′[9H]-xanthen]-3-one) (FL) as the fluorogenic probe. The
most widely used ET-based assay is the Folin-Ciocalteu assay, which is commonly used for
measuring the total phenolic concentration. ABTS/TEAC (2,2′-azinobis 3-ethylbenzothiazoline-6-
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sulfonic acid/Trolox equivalent antioxidant capacity), DPPH 2,2-diphenyl-1-picrylhydrazyl,
CUPRAC (cupric reducing antioxidant capacity), FRAP (ferric reducing antioxidant power) are also
based on the ET-based mechanism (Apak et al. 2016).

The DPPH assay estimates free radical scavenging activity using DPPH (2,2-diphenyl-1picrylhydrazyl) reagent, which is a stable free radical by virtue of the delocalization of the extra
electron over the molecule. The delocalization of the electron gives rise to the deep violet color,
characterized by absorption in visible-light spectrophotometry at about 517nm. In order to
evaluate the antioxidant potential through free radical scavenging by the test samples, the
change in optical density of DPPH radicals is monitored using the equation:
% inhibition of DPPH radical = [ (A br – A ar) / A br] x 100.
(A br : the absorbance before reaction, A ar : the absorbance after reaction).
Similar to the measurement of color change by the DPPH reagent in the DPPH assay, the ABTS
assay (or TEAC method) measures the loss of color when an antioxidant is added to the bluegreen chromophore ABTS●+ [2,2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)] using a
spectrophotometer. The antioxidant reduces ABTS●+ to ABTS and decolorizes it. Antioxidant
activity values are expressed as Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) equivalent from a Trolox standard calibration curve.

While both DPPH and ABTS assays don’t have clear boundaries between HAT and ET
mechanisms, ORAC and TRAP assays are classified only as HAT based assays. The ORAC (Oxygen
Radical Absorbance Capacity) assay is based on the generation of free radical using AAPH (2,2azobis 2-amidopropane dihydrochloride) and measurement of the decrease in fluorescence in
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the presence of free radical scavengers. After adding AAPH into the sample, the fluorescence is
recorded, and the antioxidant activity is expressed as Trolox equivalent as in the ASTS assay.
Another HAT based assay, the TRAP (Total Radical-trapping Antioxidant Parameter) method, is
based on the protection from fluorescence decay of R-phycoerythrin (R-PE) by antioxidants
during a peroxidation reaction. The fluorescence of R-Phycoerythrin is quenched by ABAP (2,20azo–bis (2-amidino-propane) hydrochloride) as a radical generator. The antioxidant activity is
measured by the decay in decoloration when antioxidants are present in the reaction in which a
radical generator, ABAP, quenches the fluorescence of R-Phycoerythrin. Antioxidant activity
values in the TRAP assay are calculated from the length of the lag-phase induced by the sample
compared to that induced by Trolox as the reference standard.

There are many studies in which the antioxidant potential of different foods has been analyzed
using various methods. However, there are still conflicting results and a lack of information as a
result of unstandardized assay techniques and differences between the principles of the
methods applied (Apak et al. 2016). Considering this, antioxidant activity should be concluded
based on multiple methods, not on a single method, due to the many variables influencing the
results. In the literature, there are many antioxidant assays that are used to measure the total
antioxidant activity of fruits and vegetables. Table 3 summarizes several studies that used
multiple methods in order to measure antioxidant activity in fruits of Prunus species. Norwicka
et al. (2016) evaluated the correlation between AOA assays and phenolic compounds of
interests in fruit smoothies and juice, demonstrating the significant correlation between
antioxidant assays and anthocyanins (Pearson correlation = 0.848 for ORAC, and 0.470 for ABTS,
respectively) and flavonols (Pearson correlation = 0.854 and 0.700 for ORAC and ABTS,
respectively). There was a positive correlation between the total phenolic concentration and
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AOA assay, but not with significant values (Pearson correlation = 0.494, and 0.363 for ORAC, and
ABTS, respectively). These results show the difference not only between phenolic compounds
and AOA assays but also between ORAC and ABTS assays. Anthocyanins had the highest
correlation in both ORAC and ABTS assays, whereas flavonols had a high correlation in the ORAC
assay, but moderate in the ABTS assay.

Mitic et al. (2016) evaluated the correlation among all measured AOA assays, including the total
phenolic concentrations (TPC), and found the correlation coefficient was the lowest between
ABTS and TPC (r = 0.62, p < 0.05), and the highest between TPC and CUPRAP (r = 1, p < 0.05)
(Table 4). Although this study found a good correlation among all the assays, it was strongly
recommended that more than one antioxidant assay should be used. Because the present study
involves only in vitro analytical methods, the AOA assays including oxidative stress biomarkers
and cellular-based assays, are not covered. Evaluating health benefits by intake of phenolic-rich
plant foods, however, requires both in vitro and in vivo AOA studies to determine the effects of
bioavailability and the fate of metabolites of the antioxidant components.
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Table 3. Studies published with antioxidant activity assays related to phenolic phytochemicals.
(ABTS: 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid, CUPRAC: Cupric ion reducing
antioxidant capacity, FRAP: Ferric-reducing antioxidant power, HX/XO: Xanthine oxidase activity,
ORAC: Oxygen radical absorbance capacity, SOD: Superoxide radical scavenging activity, TRP:
Total reducing power)
Sample

Antioxidant
Assays

Phenolic compounds measured

Reference

Smoothies, juice of
Prunus fruits (sour
cherry, plum,
peach, and apricot)

ORAC
ABTS

Anthocyanins
Flavonols
Flavan 3-ols
Hydroxycinnamic acids

Nowicka et al.
(2016)

12 cultivars of
Plums (fresh)

ABTS
SOD

Total Phenolic Concentration
Total flavonoids
Flavonols
Anthocyanins
Hydroxycinnamic acids

Kim et al.
(2003)

Plums, nectarines,
peaches

DPPH
ABTS
TRP
FRAP
CUPRAC

Total Phenolic Concentration

Mitic et al.
(2016)

Mirabelle plums
(P. domestica):
botanical parts of
plum (peel, flesh,
and pits)

HX/XO
DPPH
FRAP
ORAC

Rutin (quercetin 3-Orutinoside)
3,4-dihydroxybenzoic acid
Chlorogenic acid
Syringic acid
Neochlorogenic acid

Khallouki et al.
(2012)

Sweet cherries
(early & late
ripening)

DPPH
FRAP

Phenolic compounds
(Free, conjugated, and bound)

Wang et al.
(2017)

Table 4. Correlations between phenolic content and the AOA assays of the tested Prunus
species.

DPPH
ABTS
TPC
CUPRAC
TRP
FRAP

DPPH
1.00
0.95
0.73
0.74
0.76
0.71

ABTS

Correlation
TPC
CUPRAC

TRP

FRAP

1.00
0.67
0.74
0.70
0.62

1.00
0.68
0.99
0.99

1.00
0.97

1.00
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1.00
0.99
0.99

An economic boost in Maine can be provided through farm market diversification by selecting
plum species and cultivars that are suitable to the horticultural growing conditions of Maine, are
satisfactory to consumers, and maximize phytonutrients that are beneficial to human health.
The horticultural and consumer preference aspects have been investigated recently in related
studies at the University of Maine. The purpose of the research presented here, therefore, was
to examine the phytochemical aspects, especially as they relate to potential health benefits.
Specific objectives were to identify and quantify phenolic phytochemicals, particularly the
dominant anthocyanins and hydroxycinnamic acids, and to compare antioxidant activity among
plum species. Three species of plums: Asian (Prunus salicina L.), American−hybrid, and European
cultivars (Prunus domestica L.), were investigated. This information will provide growers with an
additional criterion for species and cultivar selection.
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CHAPTER 2
Materials and Methods
2.1. Materials
2.1.1. Plum Samples
Plum trees were grown at the University of Maine Agricultural and Forest Experiment Station in
Monmouth, Maine, located at 44.231 N and -77.068 W latitudinal and longitudinal coordinates,
respectively. Fruits were hand harvested from early August to mid September in 2014, 2015,
2016, and 2017 (Table 5). In 2014, fruits from four cultivars of Asian plums were harvested. Six
cultivars of Asian, one cultivar of American-hybrid, and one cultivar of Plumcot were harvested
in 2015. All cultivars from 2014 and 2015 were harvested at two stages of maturity, ‘partial-ripe’
and ‘tree-ripe’ except a Plumcot, ‘Spring Satin’, which was harvested at only the tree-ripe stage.
Two cultivars from each Asian, American-hybrid, and European were harvested in 2016, and five
cultivars of Asian, four cultivars of American-hybrid, and six cultivars of European were
harvested in 2017. All cultivars in 2016 and 2017 were harvested at only the tree-ripe stage.
Fruits of some plum cultivars were not available in consecutive years or all analyses due to
biennial bearing, poor pollination, and winter injury to flower buds. Fruits from both maturity
stages in 2014 and 2015 were harvested on the same date. Maturity was based on fruit flesh
firmness assessed by gently squeezing fruit and by skin color. Fruit firmness for each stage was
measured on ten fruits per cultivar on two peeled sides of each fruit using a hand-held
penetrometer with an 8-mm tip (Fruit Hardness Tester model 803, General Specialty Tools and
Instruments, Secaucus, NJ). Photographs and a brief description of most of these cultivars can
be found on the website: https://extension.umaine.edu/publications/2034e/.
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Table 5. Plum fruit harvested from year of 2014 to year of 2017 at Highmoor Farm in
Monmouth, ME.
Year

2014

Species

Cultivars

Harvest Date

Methley (ME)

5 Aug.

Obilnya (OB)

14 Aug.

Shiro (SH)

21 Aug.

Vanier (VA)

2 Sept.

Abundance (AB)

3 Sept.

Early Golden (EG)

3 Aug.

Methley (ME)

3 Aug.

Obilnya (OB)

9 Aug.

Shiro (SH)

9 Aug.

Vanier (VA)

3 Sept.

American Hybrid
(P. americana hybrids)

Toka (TK)

14 Sept.

Plumcot
(P. salicina x armeniaca)

Spring Satin (SS)

1 Aug.

Asian
(P.salicina)

Methley (ME)

2 Aug.

Vanier (VA)

4 Sept.

American Hybrid
(P. americana hybrids)

Kahinta (KA)

4 Sept.

Superior (SU)

4 Sept.

Castleton (CA)

4 Sept.

Rosy Gage (RG)

4 Sept.

Early Golden (EG)

4 Aug.

Methley (ME)

7 Aug.

Obilnya (OB)

16 Aug.

Shiro (SH)

15 Aug.

Vanier (VA)

5 Sept.

Alderman (AL)

5 Sept.

Kahinta (KA)

11 Sept.

Superior (SU)

5 Sept.

Toka (TK)

7 Sept.

Asian
(P.salicina)

Asian
(P.salicina)
2015

2016

European
(P. domestica)

Asian
(P.salicina)
2017

American Hybrid
(P. americana hybrids)
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Table 5. Continued
Year

2017

Species

Cultivars

Harvest Date

Cambridge Gage (CG)

11 Sept.

Castleton (CA)

11 Sept.

Caçak’s Best (CB)

11 Sept.

Oullins (OU)

23 Aug.

Rosy Gage (RG)

5 Sept.

Valor (VL)

19 Sept.

European
(P. domestica)

All fruits were freeze-dried whole during a seven-day step down cycle starting at - 30 °C and
ending at 23 °C. The freeze drier was a VirTis Ultra35EL (Millrock Technology, Kingston, NY). A
pooled sample of six plums of each cultivar, including peel and flesh with the pit removed, were
ground into powder using a mortar and pestle. Liquid nitrogen was used to cool the mortar
while grinding. The plum powders were stored at -23 °C.

2.1.2. Chemicals and Supplies
Caffeic acid, (+) catechin, chlorogenic acid (trans−3−O−caffeoylquinic acid), cyanidin
3−O−glucoside chloride, cyanidin 3−O−galactoside chloride, cyanidin 3−O−rutinoside chloride,
cyanidin chloride, daidzein 7-glucoside, 2,2−diphenyl−1−picrylhydrazyl free radical (DPPH
reagent), gallic acid, genistein 7-glucoside, neochlorogenic acid (trans−5−O−caffeoylquinic acid),
p−coumaric acid, 4−phenylphenol, quercetin, reagent grade formic acid, and Folin-Ciocalteu
reagent were purchased from Sigma−Aldrich (St. Louis, MO). Caffeic acid methyl ester, (-)
epicatechin, procyanidin B2, quercetin 3-O-glucoside, quercetin 3-O-rutinoside were purchased
from Santa Cruz Biotechnology (Dallas, TX). Sodium bicarbonate, HPLC grade methanol and
acetonitrile, and certified ACS grade ethyl acetate and hydrochloric acid were purchased from
Fisher Scientific (Waltham, MA). Reagent grade sodium hydroxide was purchased from Alfa
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Aesar (Ward Hill, MA). Nanopure water from a Barnstead Ultrapure water system (ThermoFisher
Scientific, Waltham, MA) was used for extraction and in the HPLC mobile phase.

2.2. Extraction
2.2.1. Anthocyanins, Hydroxycinnamic Acids (HCAs), and Other Phenolic Compounds
Freeze-dried plum powder (1 g) was extracted with 10 mL of acidified methanol (MeOH: H2O:
37 % HCl, 85:12.3:2.7, v/v) for anthocyanins, and with 10 mL of non-acidified 85 % aqueous
methanol for HCAs and other phenolic compounds. Following the extraction procedure was the
same for anthocyanins, HCAs, and other phenolic compounds. The sample was vortexed for 20 s
and placed in an ultrasonic bath (Fisher Scientific, Ultrasonic FS 30) for 30 min at 21 °C. The
extracts were kept at room temperature for 1 hr and centrifuged (DYNAC Centrifuge) for 15 min
at 362 x g. The supernatant was removed, and the residue was extracted two additional times
with an extraction solvent. The supernatants were pooled, and methanol was removed under
vacuum. The final volume of aqueous extract was measured. The extract was passed through a
0.45 µm nylon membrane syringe filter (Phenomenex, Torrance, CA) and analyzed immediately
after extraction. Each pooled plum sample was extracted in triplicate and analyzed as three
separate replicates.

2.2.2. Total Phenolic Concentration (TPC) and Antioxidant Activity (AOA)
Fruits were analyzed for TPC and AOA in 2017 with three replicates of each cultivar. The TPC and
AOA of the plum samples were evaluated using an extract from freeze-dried plum powder (1 g)
dissolved in 10 mL of 85 % aqueous methanol acidified with 1 % citric acid. Samples were
extracted five times using a Polytron homogenizer for 2 min, then centrifuged (5804R;
Eppendorf, Hamburg, Germany) at 3224 x g for 10 min. The supernatants from each of the five
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extractions were collected and pooled. Samples were vacuum concentrated (Eppendorf
Vacufuge plus, Hamburg, Germany) at room temperature to a volume of less than 10 mL. All
samples were brought to a final volume of 10 mL with the same extraction solvent, then stored
at -20 °C until the assays were performed.

2.3. Acid Hydrolysis
Plums with detectable anthocyanins that were harvested in 2014 were extracted using a
modified version of the acid hydrolysis method reported by Zhang et al. (2004). Acid hydrolysis
cleaves sugar linkages in anthocyanins and transforms anthocyanins into its aglycone,
anthocyanidins (Figure 19). Freeze-dried plum powder (1g) was mixed with 100 mL of 2N HCl
50% methanol (MeOH / H2O / 37%HCl, 50: 33:17, v/v), and put in the ultrasonic bath for 30 min.
The extract was centrifuged for 15 min at 362 x g. The supernatant was removed and filtered
through a 0.45µm nylon membrane syringe filter (Phenomenex, Torrance, CA). The filtered
extract was heated at 80°C under reflux for one hour, two hours, or four hours to optimize the
condition for acid hydrolysis. The acid hydrolyzed extract was cooled at room temperature, and
an aliquot (8 µL) was injected into the HPLC system for analysis.

Figure 19. Cleaving sugar linkage in anthocyanin by acid hydrolysis.
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2.4. Base Hydrolysis
Due to the commercial unavailability of some HCA standards (isomers of caffeoylshikimic acid
and p- coumaroylquinnic acid), extracts were hydrolyzed with base in order to quantify total
HCA concentration from their derivatives. The method was modified from Begum et al. (2015).
An equal volume of 2 M NaOH was added to 85% aqueous methanol plum extracts and stirred
with a magnetic stirrer for 30 min at room temperature. HCl (6 M) was added to the solution to
adjust to pH 2, and the sample was extracted with ethyl acetate (40 mL) three times. The ethyl
acetate layers were pooled, and the solvent was removed under vacuum. The residue was
dissolved in 85% aqueous methanol to a total volume of 3 mL, and the solution was passed
through a 0.45 µm nylon membrane syringe filter prior to analysis.

2.5. Analytical Methods and Techniques
2.5.1. Identification of Anthocyanins and Hydroxycinnamic Acids by HPLC-DAD/MS
Plum extracts were analyzed using an Agilent 1100 series HPLC (Agilent Technologies, Santa
Clara, CA) coupled with a diode array detector (DAD, model G1315A) and a mass selective
detector (MSD, model G2445A) operating in electrospray ionization (ESI) mode. Instrumental
operation and data analysis were performed using the Agilent LC−MSD Chemstation software.
The HPLC system consisted of an autosampler, vacuum degasser, quaternary pump, and
controllable temperature compartment. A Phenomenex reverse phase column (Kintex C18, 5 µm,
4.6 mm × 250 mm) equipped with a 4.6 × 12 mm guard column was used for all analyses. The
column compartment was maintained at 25 °C. The injection volume was 8 µL for all analyses.
Flow rates and gradient profiles varied depending on the compounds analyzed. For anthocyanin
analysis, the mobile phase was composed of solvent A (nanopure water: formic acid, 95:5, v/v)
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and solvent B (acetonitrile: formic acid, 95:5, v/v) and eluted at a flow rate of 1 mL/min. Table 6
summarizes the HPLC conditions used for anthocyanin analysis.
Table 6. HPLC conditions for anthocyanin analysis.
Detector Wavelength

520 nm

Injection Volume

8 μL

Flow Rate

1 mL / min

Total Run Time

35 mins

Gradient Profile

Time (min.)

A (% H2O)

B (% CH3CN)

0.0

95

5

5.0

90

10

12.0

85

15

18.0

70

30

25.0

70

30

30

95

5

Hydroxycinnamic acid derivatives were analyzed using a mobile phase composed of solvent A
(nanopure water: formic acid, 99.9:0.1, v/v) and solvent B (B) (acetonitrile: formic acid, 99.9:0.1,
v/v) and eluted at a flow rate of 0.4 mL/min. Table 7 summarizes the HPLC conditions used for
HCA derivative analysis.
Table 7. HPLC conditions for hydroxycinnamic acid derivative analysis.
Detector Wavelength

320 nm

Injection Volume

8 μL

Flow Rate

0.4 mL / min

Total Run Time

65 mins

Gradient Profile

Time (min.)

A (% H2O)

B (% CH3CN)

0.0

90

10

30.0

75

25

45.0

65

35

60.0

90

10
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For analysis of hydroxycinnamic acid / ester after base hydrolysis, the mobile phase was the
same as for HCA derivative analysis and the gradient profile is shown in Table 8.
Table 8. HPLC conditions for hydroxycinnamic acid / ester (after base hydrolysis) analysis.
Detector Wavelength

320 nm

Injection Volume

8 μL

Flow Rate

0.4 mL / min

Total Run Time

65 mins

Gradient Profile

Time (min.)

A (% H2O)

B (% CH3CN)

0.0

90

10

38.0

70

30

45.0

20

80

60.0

90

10

Identification of most anthocyanins and HCA derivatives were performed by the comparison of
chromatographic retention times and UV-vis spectral data with known standards. Compounds
for which there were no available standards were tentatively identified on the basis of their
wavelengths of maximum UV light absorbance with the Diode Array Detector (DAD) and relative
retention times with respect to known compounds. Identifications were verified further by the
MS/MS fragmentation patterns using mass spectrometry (MS). Ionization in the MS was
achieved using ESI sources in positive or negative mode depending on the nature of compounds
analyzed. Ionization of anthocyanins and caffeic acid methyl ester were achieved in positive ion
mode, and HCA derivatives in negative ion mode. The ESI interface used nitrogen as a drying gas
and helium gas as a nebulizer. The optimized parameters of the interface were vaporizer
temperature, 350 °C; drying gas flow rate, 9 L /min; nebulizer pressure, 50 psi; capillary exit,
84.5V; skimmer 1, 17.1V; skimmer 2, 6.0V; octople, 2.34V; lens 1, −5V; lens 2, −60V; and trap
driver, 36.5V.
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2.5.2. Identification of Other Phenolic Compounds
Flavonols, flavan-3-ols, and isoflavones were analyzed and identified under the same conditions
used for hydroxycinnamic acid derivatives in HPLC-DAD and LC-MS except at different
wavelengths for their maximum absorbance in UV light. Flavonols (quercetin derivatives) were
detected by absorbance at 365nm, flavan-3-ols (catechin derivatives) at 280nm, and isoflavones
at 254nm. Phenolics without standards were further identified on the basis of their MS/MS
fragmentation patterns and relative retention times with respect to known compounds.

2.5.3. Quantification of Anthocyanins and Hydroxycinnamic Acids
Anthocyanins and hydroxycinnamic acids were quantified using a separate calibration curve with
an external standard for each phenolic compound. For anthocyanins, three major anthocyanins,
cyanidin-3-O-galactoside, cyanidin-3-O-glucoside, and cyanidin-3-O-rutinoside were quantified
by HPLC-UV at 520nm. The calibration curve of each anthocyanin was generated with cyanidin
chloride as an external standard (Figure 20).
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Concentration of cyanidin
3-O-glucoside (μg/mL)

1200

(a)

1000
800
600
400

y = 75.1334x + 11.3881
R² = 0.9967

200
0
0

5

10

15

Cyanidin 3-O-glucoside Std. / ES Peak Area Ratio

Concentration of cyanidin
3-O-galactoside (μg/mL)

1200

(b)

1000
800
600
400
y = 152.0685x - 10.9795
R² = 0.9974

200
0
0

2

4

6

8

Cyanidin 3-O-galactoside Std. / ES Peak Area Ratio

Concentration of cyanidin
3-O-rutinoside (μg/mL)

1200

(c)

1000
800
600
400

y = 142.2262x - 31.5050
R² = 0.9938

200
0
0

2

4

6

8

Cyanidin 3-O-rutinoside Std. / ES Peak Area

Figure 20. Calibration curve for the quantitative analysis of (a) cyanidin 3-O-glucoside, (b)
cyanidin 3-O-galactoside, (c) cyanidin 3-O-rutinoside. Cyanidin chloride as an external standard
(ES).
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For hydroxycinnamic acids, neochlorogenic acid was quantified only from four cultivars
(‘Methley’, ‘Obilnya’, ‘Shiro’, and ‘Vanier’) in 2014 and four cultivars (‘Methley’, ‘Obilnya’,
‘Shiro’, and ‘Spring Satin’) in 2015 at two stages of maturity. ‘Toka’ fruit in 2015 and 2017
contained only chlorogenic acid, so these extracts were not treated with base. Plum extracts of
all tree-ripe cultivars except ‘Toka’ in 2015, 2016, and 2017 were base hydrolyzed for
quantifying caffeic acid, caffeic acid methyl ester, and p-coumaric acid.
Each calibration curve of each hydroxycinnamic acid was generated with an external standard.
Quercetin was an external standard for two hydroxycinnamic acids without base hydrolysis
(neochlorogenic acid and chlorogenic acid) (Figure 21), and 4-phenyl phenol was for three
hydroxycinnamic acids after base hydrolysis (trans-caffeic acid, caffeic acid methyl ester, and pcoumaric acid) (Figure 22)
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Concentration of neochlorogenic acid
(μg/mL)

900

(a)

800
700
600
500
400
300

y = 249.5075x - 9.8065
R² = 0.9902

200
100
0
0

0.5

1

1.5

2

2.5

3

3.5

Neochlorogenic acid Std. / ES Peak Area Ratio

1100

(b)

Concentration of chlorogenic acid (μg/mL)

1000
900
800
700
600
500
400

y = 432.22x - 2.3587
R² = 0.9957

300
200
100
0
0

0.5

1

1.5

2

2.5

Chlorogenic acid Std. / ES Peak Area Ratio

Figure 21. Calibration curve for the quantitative analysis of (a) neochlorogenic acid, (b)
chlrorogenic acid for plum extracts without base hydrolysis. Quercetin as an external standard
(ES)
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Concentration of
caffeic acid ((µg/ml)

300

(a)

250
200
150
100

y = 175.88x + 3.3137
R² = 0.9975

50
0
0.0

Concentration of
p-coumaric acid (μg/mL)

300

0.4
0.8
1.2
Caffeic acid Std. / ES Peak Area Ratio

1.6

(b)

250
200
150
100

y = 130.6x - 1.1333
R² = 0.9995

50
0
0.0

0.4
0.8
1.2
1.6
P-coumaric acid Std. / ES Peak Area Ratio

2.0

Concentration of
caffeic acid methyl ester (μg/mL)

600

(c)

500
400
300
200

y = 405.11x + 3.3894
R² = 0.9998

100
0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Caffeic acid methyl ester Std. / ES Peak Area Ratio

Figure 22. Calibration curve for the quantitative analysis of (a) caffeic acid, (b) p-coumaric acid, (c)
caffeic acid methyl ester. 4-phenyl phenol as an external standard (ES).
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2.5.4. Measurement of Total Phenolic Concentration (TPC)
Total phenolic concentration was measured using Folin-Ciocalteu reagent as described by
Velioglu et al. (1998) with minor modifications. The stock reagent, Folin-Ciocalteu, was diluted
(1:9). Standard gallic acid solutions were made using a stock solution of 0.01 g of gallic acid
dissolved in a 10 mL volumetric flask using 85% aqueous methanol acidified with 1 % citric acid.
Aliquots (20 μL) of sample extracts and 90 μL of diluted Folin-Ciocalteu reagent were added to a
96-well plate and allowed to incubate at room temperature for 5 min. 90 μL of sodium
bicarbonate solution (6 g / 100 mL solution) was added to the wells, and the plates were
incubated in the dark at room temperature for 90 min. The absorbance was read at 750 nm in a
UV plate reader (Biotek ELx 800, Winooski, VT). The samples for the TPC assay were diluted to fit
the linear range of the assay (0.2−1.2 absorbance units). A standard curve was generated using
gallic acid at concentrations of 0, 25, 50, 100, 150, 200, and 250 µg / mL. Calculations were done
in Excel (Microsoft Excel, Redmond, WA USA). Total phenolic concentrations were calculated
using the regression equations and concentration for samples: [x=(y-a)/b] with (y) being sample
absorbance. Results were expressed as gallic acid equivalents (GAE). (See Appendix A for a
sample calculation)

2.5.5. Measurement of Antioxidant Activity (AOA)
Antioxidant activity, also referred to as antioxidant capacity, was measured using the 2, 2 –
diphenyl – 1 − picrylhydrazyl (DPPH) free radical scavenging assay, modified from Duymus et al.
(2014). Equal amounts of 0.3 mM DPPH solution (150 µL) and the diluted samples (150 µL) were
loaded in a 96-well plate. The mixture was incubated in the dark at room temperature for 30
min and the absorbance was read at 515 nm with a Biotek plate reader (ELx800, Winooski, VT,
U.S.). A mixture of DPPH solution (150 µL) and extraction solvent (150 µL) was used as the

64

negative control for this assay. Scavenging percentage was calculated with the following
formula:
Scavenging % =

Abs𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − Abs𝑆𝑎𝑚𝑝𝑙𝑒
× 100
Abs𝐶𝑜𝑛𝑡𝑟𝑜𝑙

Scavenging activity of each sample was measured at five different concentrations to calculate
IC50 values, which is the concentration of the sample required to scavenge 50 % of the DPPH free
radicals. Gallic acid was used as the positive control. All samples were replicated three times.

2.6. Statistical Analysis
The orchard was planted as a randomized block design with two to five single-tree replications
of each cultivar, but fruit from the different replications were pooled for chemical analysis and
analyzed as a completely randomized design with three replications. The main effects of stage of
maturity, year, cultivar, and their interactions in 2014 and 2015 cultivars were analyzed using
PROC MIXED SAS procedure (Version 9.4) with means separation by Tukey’s Test (P ≤ 0.05). The
effects of year and stage of maturity on the relationship of AOA and TPC were analyzed with TPC
as a linear and quadratic regression variable. The RSREG procedure was used to estimate the
regression equation of TPC and AOA.

65

CHAPTER 3
RESULTS AND DISCUSSION

The overall objective of this project was to investigate phenolic compounds, particularly the
dominant anthocyanins and hydroxycinnamic acids, in three species of plum. Methods to
extract, identify, and quantify these components were developed, and comparisons among
species were conducted.

3.1. Plum Extraction
3.1.1. Free, Conjugated, and Bound Phenolics
In general, the selection of extraction methods can be determined by the presence of free,
conjugated, and / or bound phenolics in natural products. A model showing the location of
phenolic compounds in a cell representing vegetables, fruits, legumes, and seeds is shown in
Figure 23. Free and conjugated phenolics are soluble phenolics located in vacuoles, and they are
extractable by solvent extraction without any pre-treatments. Conjugated phenolics are bound
to sugars or peptides through hydrophobic and covalent ester or ether bonds, while bound
phenolics are bound to cell wall polysaccharides or covalently linked to lignin monomeric units
via ether linkages. Bound phenolics are insoluble phenolics which are not directly extractable by
solvent, and they can be extracted only after acid or base hydrolysis.
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Figure 23. Three types of phenolic compounds in vegetables, fruits, and legumes/seeds.

Anthocyanins are water-soluble extractable phenolics present in vacuoles that typically are
extracted successfully with aqueous methanol. The hydroxycinnamic acids (HCAs) are more
challenging to extract, however, because they may be bound and insoluble. To investigate this
issue further, the hydroxycinnamic acid, neochlorogenic acid, was used as a model to evaluate
the three forms of neochlorogenic acid (shown in Figure 24) in the fruit of ‘Shiro’, in which the
predominant phenolic acid is neochlorogenic acid. The extraction scheme, modified from Chen
et al. (2015) and shown in Figure 25, was followed to extract both extractable and nonextractable neochlorogenic acid. After extraction, the crude extract and the three fractions,
presumably containing free neochlorogenic acid, conjugated neochlorogenic acid, and bound
neochlorogenic acid, were analyzed using HPLC-UV at a wavelength of 320. Neochlorogenic acid
was detected in the crude extract and the fraction containing free phenolics, but not in the
fractions containing conjugated or bound phenolics (Figure 26). Caffeic acid and p-coumaric acid
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were detected in the conjugated and bound phenolic fractions, however, due to the base
hydrolysis of other hydroxycinnamic acids, including caffeoylshikimic acids and pcoumaroylquinic acids. These results suggest that neochlorogenic acid in ‘Shiro’ is present as a
free phenolic, not as a conjugated or bound phenolic. Therefore, the crude extract without base
hydrolysis was analyzed for the quantification of neochlorogenic acid.

(a)

(b)

(c)

Figure 24. Structures of hypothesized three possible forms of neochlorogenic acid. (a) free
neochlorogenic acid, (b) sugar conjugated neochlorogenic acid, (c) neochlorogenic acid bound to
the cell wall.
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Insoluble Bound Phenolics

Soluble Phenolics in Vacuole

Plum Powder
85% methanol extraction
Centrifugation
Solid Residue

Crude Plum Extract Supernatant
Methanol evaporation
Diethyl ether: Ethyl acetate (1:1, v/v)
Liquid-liquid extraction (3x)

Alkaline Hydrolysis
Acidification
DE:EA extraction

Bound Phenolics
Organic Phase
Evaporation
Resuspension
(50% methanol)

Free Phenolics

Aqueous Phase
Alkaline Hydrolysis
Acidification
DE:EA extraction
Organic Phase
Evaporation
Resuspension
(50% methanol)
Conjugated Phenolics

Figure 25. Schematic flow chart for extracting free, conjugated, and bound phenolics (modified
from Chen et al. 2015). (DE-diethyl ether, EA-ethyl acetate)
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(a)
neochlorogenic acid

(b)
neochlorogenic acid

(c)

p-coumaric acid
caffeic acid
*neochlorogenic acid
not detected

(d)
caffeic acid

p-coumaric acid

*neochlorogenic acid
not detected

Figure 26. HPLC-UV chromatograms for neochlorogenic acid at 320 nm. (a) Crude extract of
‘Shiro’, and three fractions of phenolics (b) free phenolics (c) conjugated phenolics (d) bound
phenolics.
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3.1.2. Solvent Choice
Anthocyanins were extracted by acidified methanol, using HCl as the acid (MeOH: H2O:37 % HCl,
85:12.3:2.7, v/v). Extraction for measuring total phenolic concentration and antioxidant activity
utilized citric acid instead of HCl due to the relevancy in food science research that often uses
citric acid for assays. Both methanol and ethanol were tested to compare the efficiencies for
phenolic extraction, but there was no distinct difference between them. Therefore, methanol
was chosen as an extraction solvent due to both cost efficiency and to create a similar condition
compared to previous studies that used methanol as solvent. Hydroxycinnamic acids were
extracted using non-acidified 85 % aqueous methanol due to the transformation of
neochlorogenic acid into neochlorogenic acid methyl ester that was observed while generating
the calibration curves. Neochlorogenic acid methyl ester was formed by acid catalyzed
esterification using acidified methanol. Figure 27 shows the expected HPLC-UV chromatogram
of neochlorogenic acid with an external standard, quercetin (Figure 27.a), and the observed
chromatogram, which shows the presence of the esterified neochlorogenic acid (Figure 27.b).
Neochlorogenic acid methyl ester was tentatively identified by LC-MS in negative ion mode,
yielding [M - H] - at m/z 367 at tR 21 min. The reaction of acid catalyzed esterification is shown in
Figure 28. Therefore, non-acidified 85% methanol was necessary to extract neochlorogenic acid,
which was a major hydroxycinnamic acid in plum extracts.
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(a)
neochlorogenic acid

quercetin
(external standard)

(b)
neochlorogenic acid methyl ester *
neochlorogenic acid
quercetin
(external standard)

Figure 27. HPLC-UV chromatograms of neochlorogenic acid calibration peaks at 320 nm (a)
neochlorogenic acid and the external standard, quercetin (b) neochlorogenic acid,
neochlorogenic acid methyl ester, and the external standard after extraction with acidified
methanol. (* tentatively identified)

Figure 28. Scheme of acid catalyzed esterification of neochlorogenic acid into neochlorogenic
acid methyl ester.
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3.2. Identification of Phenolics
3.2.1. Anthocyanins
Anthocyanins were identified in all cultivars that had red-purple colored peel and/or flesh, and
they were analyzed by HPLC-DAD-MS. Anthocyanin separation was challenging because most
have the same aglycone (cyanidin) with different sugar moieties, resulting in one broad peak
containing all three anthocyanins in the HPLC-UV chromatograms. However, they were
successfully separated under the optimized conditions of using 5% formic acid in both mobile
phases (H2O and acetonitrile) with 1mL / min of flow rate in a C18 HPLC column. After
separation, retention times of anthocyanin peaks in the HPLC chromatograms observed at 520
nm, were compared to the retention times of anthocyanin reference standards for those
compounds for which standards were available. Other anthocyanins without reference
standards were analyzed by LC−MS/MS in positive ion mode and identified from relative
retention time for anthocyanin structures and the fragmentation patterns in the MS/MS
spectra. Anthocyanins without sugar moieties (anthocyanidins) were not detected in any
cultivars. Structures of the anthocyanins detected in plum extracts are shown in Figure 29. All
identified anthocyanins including those identified by comparison with reference standards and
those tentatively identified by MS/MS fragmentation patterns are summarized in Table 9 and
Figure 30. Three anthocyanins with reference standards were identified as cyanidin
3−O−galactoside at tR (retention time) 11.8 min (peak 1), cyanidin 3−O−glucoside at tR 12.7 min
(peak 2), and cyanidin 3−O rutinoside at tR 13.5 min (peak 3) (Figure 30). Cyanidin
3−O−galactoside and cyanidin 3−O−glucoside showed the same MS/MS spectra due to the same
molecular weight and same aglycone of cyanidin which has a fragment at m/z 287 (Figure 31).
However, the different orientation of the hydroxyl group at C4 in the sugar moieties (galactose
and glucose) differentiated their retention times. This was confirmed using reference standards.
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Three more anthocyanins were tentatively identified as peonidin 3−O−glucoside, yielding [M +
H] + at m/z 463 at tR 16.2 min (peak 4) and peonidin 3−O−rutinoside, yielding [M + H] + at m/z 609
at tR 16.8 min (peak 5), which fragmented to m/z 301, corresponding to the same peonidin
aglycone after losing glucoside and rutinoside (Figure 32). Retention times of the aglycones of
anthocyanins (anthocyanidins) change depending on the number of hydroxyl groups or
methylated hydroxyl groups attached to two benzene rings due to the hydrophobic interaction
with packing materials in the C18 HPLC column. Glycosylated peonidin was eluted at a later
retention time than glycosylated cyanidin because of one methoxy group (OCH3) present in the
B ring of peonidin instead of the hydroxyl group (OH) in cyanidin, increasing its hydrophobicity
(Figure 30). One acetylated glucose attached to cyanidin was detected at tR 18.5 min (peak 6),
yielding [M + H]+ at m/z 491, which fragmented to m/z 287, corresponding to cyanidin aglycone
after losing an acetylated glucose. This was tentatively identified as cyanidin
3−O−(6˝−acetyl)−glucoside (Figure 30). The acetyl group at C6 in glucose also contributed to the
hydrophobicity of this anthocyanin causing it to elute at a later retention time than the nonacetylated cyanidin 3−O−glucoside.

Figure 29. Structures of six identified anthocyanins.
74

Table 9. Identified anthocyanins in twelve plum cultivars. (* tentatively assigned)
Peak

Anthocyanins

Retention time
(min)

[M+H] +

MS/MS

1

cyanidin 3−O−galactoside

11.8

449

287

2

cyanidin 3−O−glucoside

12.7

449

287

3

cyanidin 3−O−rutinoside

13.5

595

449, 287

4

peonidin 3−O−glucoside*

16.2

463

287

5

peonidin 3−O−rutinoside*

16.8

609

463, 287

6

cyanidin−3−O−(6−acetyl”) −glucoside*

18.5

491

287

3

(a)
2

1
6

(b)

2

3

5
4

(c)

2

3

5
4

Figure 30. HPLC−UV chromatograms for anthocyanins at 520 nm: (a) Asian ‘Obilnya’, (b)
American-hybrid ‘Toka’, (c) European ‘Castleton’. Numbers refer to compound identification
numbers in Table 9. (See Appendix B for chromatograms of 9 other cultivars)
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Figure 31. HPLC−MS/MS mass fragments of cyanidin 3−O−glucoside and cyanidin
3−O−galactoside

(a)

(b)

(c)

Figure 32. HPLC−MS/MS mass fragments of (a) cyanidin 3−O−(6˝−acetyl)−glucoside, (b) peonidin
3−O−glucoside, and (c) peonidin 3−O−rutinoside.
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Cyanidin 3-O-glucoside was present in all cultivars and was the predominant anthocyanin in
most of the Asian and American-hybrid cultivars except ‘Obilnya’ in which cyanidin 3-Orutinoside was predominant. All European cultivars had slightly higher concentrations of
cyanidin 3-O-rutinoside than cyanidin 3-O- glucoside, but not having one predominant
anthocyanin. Cyanidin 3-O- galactoside was present in the Asian cultivars, ‘Methley’ and
‘Obilnya’, but not in any other cultivars. ‘Methley’ and ‘Obilnya’ are both hybrids of P. salicina
and P. ceracifera. Cyanidin 3-O- galactoside was detected previously in P. ceracifera (Wang et
al., 2012) and P. salicina (Tomás−Barberán et al., 2001). Cyanidin 3−O−rutinoside was present in
all cultivars although the American-hybrid, ‘Kahinta’, had only in trace amounts that were not
quantifiable.

These results support that plums belong to the anthocyanidin−determined group of
anthocyanins, in which one dominant anthocyanidin is linked to one of several different sugars
(Wu & Prior, 2005). This is in contrast to the sugar−determined group, in which one dominant
sugar is linked to one of several different anthocyanidins, such as cyanidin, delphinidin,
malvidin, pelargonidin, peonidin, and petunidin (Zoratti et al. 2015). The predominant
anthocyanidin in all plum cultivars was cyanidin, and it was present in conjunction with different
sugar moieties. Two peonidin glycosides, peonidin 3−O−glucoside and peonidin 3−O−rutinoside,
were detected in the European ‘Cambridge Gage’, ‘Castleton’, and ‘Valor’ and in the Americanhybrid ‘Kahinta’ and ‘Toka’. They were not detected in any of the Asian cultivars. One acetylated
anthocyanin (cyanidin 3−O− (6˝−acetyl) –glucoside) was detected in trace amounts in four Asian
plums, ‘Abundance’, ‘Methley’, ‘Obilnya’, and ‘Vanier’, in three American-hybrids, ‘Alderman’,
‘Kahinta’, and ‘Toka’, and in the plumcot, ‘Spring Satin’. Acetylated cyanidin−glucoside was
reported previously in Asian plums (Tomás−Barberán et al., 2001).
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Overall, compositions of anthocyanins identified in this study were in agreement with previous
studies, except in the present study peonidin glycosides were detected in the three Americanhybrid cultivars in addition to the all European cultivars, whereas previous studies reported
detection only in European plums (Slimestad et al., 2009; Tomás−Barberán et al., 2001; Treutter
et al., 2012; Usenik et al., 2013).

The accumulation and distribution of anthocyanins are determined by genetic and
environmental factors. In a previous study of four Asian plum cultivars, it was determined that
anthocyanin composition in plums is regulated by the gene expression and specific transcription
factors in anthocyanin biosynthesis, leading to repeated profiles in the same cultivar from year
to year (González et al. 2016). In the present study, the anthocyanin profile for each cultivar did
not vary depending on either maturity at harvest or show a year-to-year difference. For
example, three major anthocyanins (cyanidin 3−O−galactoside, cyanidin 3−O−glucoside, and
cyanidin 3−O−rutinoside) from ‘Methley’, and two anthocyanins (cyanidin 3−O−glucoside and
cyanidin 3−O−rutinoside) from ‘Vanier’ were consistently present all four years from 2014 to
2017.

The abundance of cyanidin-based anthocyanins in plums is advantageous for promoting the
health benefits of eating plums. Cyanidin is the most common anthocyanidin in 90% of fruits
(Prior 2003), and cyanidin glycosides were reported to have higher antioxidant activity than
malvidin or peonidin glycosides because of free hydroxyl groups on both 3´ and 4´ positions of
the cyanidin aglycone (Wang et al. 1997) (Figure 29). Attention has been drawn to cyanidin
3−O−glucoside and cyanidin 3−O−rutinoside due to their significant roles in antioxidant and
anti−inflammatory activities. Jung et al. (2014) reported that both cyanidin 3−O−glucoside and
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cyanidin 3−O−rutinoside were major anthocyanins in Rubus fruits (blackberries, raspberries, and
black raspberries), which prevented DNA damage and intracellular ROS production as
antioxidants, and suppressed inflammatory mediators and protein expressions on
LPS−stimulated RAW 264.7 cells with anti−inflammatory activity. Bhaswant et al. (2015) also
reported that the administration of cyanidin 3−O−glucoside or cyanidin 3−O−glucoside rich
‘Queen Garnet’ plum juice to high−fat diet rats resulted in reducing body weight gain with
decreased abdominal fat pads and improving lipid profiles, glucose metabolism, cardiovascular
and hepatic structure, and function. This supported the use of cyanidin 3−O−glucoside or
cyanidin 3−O−rutinoside rich ‘Queen Garnet’ plum juice as a possible treatment for metabolic
syndrome. Therefore, finding in this study that the major anthocyanins in twelve plum cultivars
are cyanidin 3−O−glucoside and cyanidin 3−O−rutinoside supports their potential for promoting
human health by providing antioxidant, anti−inflammatory, anti−obesity activities.

3.2.1.1. Acid Hydrolysis
As described previously in Section 3.2.1, there are two different groups of anthocyanins: the
anthocyanin-determined group and the sugar-determined group (Wu & Prior, 2005). All the
anthocyanins identified in this study belong to the anthocyanidin-determined group, which was
confirmed by acid hydrolysis. Acid hydrolysis cleaved sugar glycosidic linkages in all four
anthocyanins in the extract of ‘Methley’ plum, leaving the anthocyanidins, which were detected
by UV, and the sugar moieties, which were not detected. There were three major anthocyanins
detected in ‘Methley’, cyanidin 3-O-glucoside, cyanidin 3-O-galactoside, and cyanidin 3-Orutinoside. Trace amounts of cyanidin 3-O- (6˝- acetyl) - glucoside were also observed
(Figure 33). All anthocyanins were acid hydrolyzed giving cyanidin as the only aglycone.
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The acid hydrolysis conditions were optimized in order to cleave all sugar linkages in all four
anthocyanins in the extract of ‘Methley’. Figure 34 shows that four-hour acid hydrolysis was
necessary for all glycosylated cyanidins to be hydrolyzed completely. One hour of acid hydrolysis
cleaved all the glucose in cyanidin 3-O-glucoside, while in cyanidin 3-O-rutinoside (cyanidin 3-Oramnosylglucoside), which contains a sugar dimer, only the sugar-sugar linkage was cleaved
leaving cyanidin 3-O-glucoside. Some of the galactose in cyanidin 3-O-galactoside and acetylated
glucose from cyanidin 3-O- (6˝-acetyl) -glucoside were also cleaved by one-hour hydrolysis, as
evident in the HPLC-UV chromatogram which shows only two anthocyanin peaks, identified as
cyanidin 3-O-glucoside and cyanidin 3-O-galactoside (Figure 34.a). However, the two-hour
hydrolysis cleaved all galactose and most of the glucose, resulting in only one small peak of
cyanidin 3-O-glucoside (Figure 34.b). After four-hour hydrolysis, all anthocyanins were
hydrolyzed completely leaving the sole aglycone, cyanidin (Figure 34.c). Figure 35 displays the
scheme of sugar linkage cleavage in cyanidin 3-O-rutinoside after one hour and four-hour acid
hydrolysis. Thus, optimized conditions for acid hydrolysis were necessary in order to cleave all
sugar linkages. The hydrolysis time was dependent on the concentration of anthocyanins and
numbers of sugar moieties. Cyanidin 3-O-rutinoside, which is conjugated with a sugar dimer,
required four-hour acid hydrolysis. Only one-hour was required, however, for cyanidin 3-Oglucoside. Regarding anthocyanin concentration, cyanidin 3-O-galactoside had a higher
concentration than cyanidin 3-O-glucoside in ‘Methley’, and it took more time for cyanidin 3-Ogalactoside to release cyanidin than for cyanidin 3-O-glucoside.
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cyanidin 3-O-rutinoside
cyanidin 3-O-galactoside
cyanidin 3-O- (6˝-acetyl) -glucoside
cyanidin 3-O-glucoside

Figure 33. HPLC−UV chromatogram for anthocyanins in ‘Methley’ at 520 nm.

cyanidin
(aglycone)

(a)

cyanidin 3-O-galactoside
cyanidin 3-O-glucoside

(b)

cyanidin
cyanidin 3-O-glucoside

(c)

cyanidin

Figure 34. HPLC chromatograms of anthocyanins hydrolysis products after (a) one-hour, (b) twohour, and (c) four-hour acid hydrolysis in ‘Methley’.
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Figure 35. Scheme of sugar linkage cleavage in cyanidin 3-O-rutinoside after one-hour and fourhour acid hydrolysis.

3.2.2. Hydroxycinnamic Acid Derivatives
Hydroxycinnamic acid (HCA) derivatives were analyzed by HPLC-UV at 320 nm and LC−MS/MS in
negative ion mode. There was no simple HCA found in all cultivars, whereas they were all
esterified to other polyhydroxylated compounds, such as quinic acid and shikimic acid. There
were two kinds of HCA derivatives detected and identified, caffeic acid derivatives and pcoumaric acid derivatives. Table10 shows the HCAs identified in the plum cultivars. Two caffeic
acid derivatives, neochlorogenic acid (trans 5−O−caffeoylquinic acid) and/or its structural
isomer, chlorogenic acid (trans 3−O−caffeoylquinic acid) were present as predominant HCAs in
some cultivars. However, other cultivars did not have one dominant HCA but had various HCA
derivatives in their profiles. Three distinct profiles of HCAs, shown in Figure 36, were observed
representing all cultivars. In one group (a), neochlorogenic acid was dominant and in (b),
chlorogenic acid was dominant. In the final group (c), there are a number of HCAs, none of
which is dominant. Chromatograms for 14 cultivars are provided in Appendix C.

In all cultivars, there were two kinds of HCA derivatives detected and identified, caffeic acid
derivatives and p-coumaric acid derivatives. Neochlorogenic acid was detected at tR 13.6 min
(peak 1) and chlorogenic acid at tR 19.4 min (peak 3) as major caffeic acid derivatives. These
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compounds were reported previously as major phenolic acids in plum fruits (Jaiswal et al. 2013,
Noratto et al. 2009). The mass fragments and two pathways of fragmentation of neochlorogenic
acid are shown in Figure 37. Neochlorogenic acid was a major HCA in the Asian plums ‘Early
Golden’, ‘Methley’, ‘Obilnya’, and ‘Shiro’, in the American-hybrid ‘Kahinta’, in all European
cultivars, and in the plumcot ‘Spring Satin’. Chlorogenic acid was predominant in the Americanhybrids ‘Alderman’ and ‘Toka’. Other caffeic acid derivatives, isomers of caffeoylshikimic acid,
and several p−coumaric acid derivatives, isomers of p-coumaroylquinic acids, were detected in
most cultivars except ‘Toka’ which had only chlorogenic acid. The compounds without reference
standards were tentatively identified as isomers of p–coumaroylquinic acid at tR 17.8 min (peak
2), 22.2 min (peak 4) and 23.8 min (peak 5), and isomers of caffeoylshikimic acid at tR 26.3 min
(peak 6) and 29.8 min (Figure 36). Isomers of p–coumaroylquinic acid yielded [M – H] – of m/z
336.9, which fragmented to m/z 163.1 and m/z 173.0, corresponding to deprotonated pcoumaric acid after cleavage of quinic acid and deprotonated quinic acid after the loss of water,
respectively. Isomers of caffeoylshikimic acid yielded [M – H] – of m/z 334.9, which fragmented
to m/z 179.0, corresponding to deprotonated caffeic acid after cleavage of the shikimate residue
(Figure 38). These compounds were detected in both Asian and European plums but not as
major phenolic acids (Jaiswal et al. 2013).
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Table 10. Hydroxycinnamic acid derivatives identified in sixteen plum cultivars and one plumcot.
(* tentatively assigned)
Peak

Hydroxycinnamic acid derivatives

Retention time (min)

[M+H] +

MS/MS

1

Neochlorogenic acid

13.6

353

191,179,135

2

Isomer of p−coumaroylquinic acid*

17.8

337

163

3

Chlorogenic acid

19.4

353

191, 173

4

Isomer of p−coumaroylquinic acid*

22.2

337

173

5

Isomer of p−coumaroylquinic acid*

23.8

337

173

6

Isomers of caffeoylshikimic acid*

26.3

335

179, 135

7

Isomers of caffeoylshikimic acid*

29.8

335

179, 135

(a)

1

3

(b)

3

84

(c)

5

3

2

4

6

7

Figure 36. HPLC−UV chromatograms of hydroxycinnamic acid derivatives detected in three plum
cultivars at 320 nm, (a) European ‘Castleton’, (b) American-hybrid ‘Toka’, (c) Asian ‘Abundance’.
The peak numbers refer to compound numbers listed in Table 10.

(a)

Figure 37. (a) HPLC−MS/MS mass fragments of neochlorogenic acid in negative ion mode, (b)
two potential pathways of fragmentation.
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(a)

(b)

(c)

Figure 38. HPLC−MS/MS mass fragments of isomers of p-coumaroylquinic acid (a) and (b), and
an isomer of caffeoylshikimic acid (c).

Other HCAs including feruloylquinic acid, methyl caffeoylquinate, and
p−methoxycinnamoylquinic acid, have been observed in various plum cultivars previously
(Jaiswal et al., 2013), but none of these compounds was detected in any of the cultivars
analyzed in the present study. Likewise, hydroxybenzoic acids were not detected in the 17 plum
cultivars that were evaluated in the present study.

Plumb et al. (1999) reported that all esterified caffeic acid derivatives, such as neochlorogenic
acid, chlorogenic acid, and isomers of caffeoylshikimic acid, tend to be cleaved into caffeic acid
and quinic or shikimic acid by an esterase enzyme provided by colonic microflora after they are
ingested by humans. Therefore, biological activities of these compounds may be closely related
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to the caffeic acid which was a predominant HCA compared to p–coumaric acid derivatives in all
plum cultivars.

Caffeic acid is a known antioxidant from its structure, which has two hydroxyl groups adjacent to
each other on the benzene ring. Karamać et al. (2005) reported caffeic acid as a stronger free
radical scavenger than p−coumaric acid, which has only one hydroxyl group on the benzene ring
(Figure 39). In addition, caffeic acid in its free form or conjugated with quinic acid and sugar
groups was reported to have significant effects on the brain including protection from toxicity
induced by a variety of agents and in experimental models of Alzheimer’s disease (AD)
(Habtemariam et al. 2017, Mikami et al. 2016). Therefore, plums that have caffeic acid
derivatives as major phenolic acids could be a valuable source of antioxidants, particularly used
as therapeutic agents that offer neuroprotective effects against neurodegenerative disease.

Figure 39. Structures of caffeic acid and p-coumaric acid.
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3.2.3. Other Phenolics
3.2.3.1. Flavan-3ols
Flavan-3ols were detected in plum cultivars using HPLC-UV at 280 nm. Flavan-3ols include
monomers, dimers, galloylated catechins, and proanthocyanidnins which are polymeric
condensation compounds. Two monomers of flavan-3ols, (+)-catechin and (-)-epicatechin, and
one dimer of B type proanthocyanidin, procyanidin B2 were detected and identified by
comparison with reference standards (Figure 40). Other proanthocyanidins, such as trimers and
tetramers of catechin or epicatechin units, were detected as well. Figure 41 displays the total
ion chromatogram with extracted ion chromatogram of ‘Obilnya’, scanned from m/z 100 to
1000 in LC-MS negative ion mode. Deprotonated ions of all possible flavan-3ols, 289
(monomers), 575 (dimers with A type linkages), 577 (dimers with B type linkages), 863 (trimers
with A type linkages), and 865 (trimers with B type linkages) were all detected and tentatively
identified. However, galloylated catechins were not detected. Gu et al. (2004) reported plums
had higher concentrations of catechin derivatives than other stone fruits, such as peaches,
nectarines or apricots. Among flavan-3ols detected in this study, four compounds were
identified tentatively as A type proanthocyanidins. These compounds eluted later than B type
proanthocyanidins in the HPLC column, possibly due to the stacked geometry of A type linkages
(Figure 42). Yokota et al. (2012) reported that A type proanthocyanidins were found to be more
effective in the inhibition of pancreatic lipase activity than B type, suggesting that A-type
polymeric proanthocyanidins detected in plums are promising for the attenuation of lipid
digestion.
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Figure 40. Structures of detected and identified flavan-3ols with reference standards.

d

(a)

m
d
d*

t

d m
d

t*
d
*

t*
*

d*

(b)

Figure 41. LC-MS chromatograms of ‘Obilnya’ (a) Total Ion Chromatogram (b) Extracted Ion
Chromatogram with m/z 289 (m), 575 (d*), 577 (d), 863 (t*), and 865 (t) in negative ion mode.
(* indicates A type linkage in flavan-3ols)

Figure 42. Structures of A type linkage [epicatechin-(4β-8, 2β-O-7)-epicatechin] in procyanidin
A2, and B type linkage [epicatechin-(4β-8)-epicatechin] in procyanidin B2.
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Analyzing flavan-3ols was challenging for both separation and quantification. (+)-Catechin was
co-eluting with both chlorogenic acid and cyanidin 3-O- glucoside which were present in most of
the cultivars. Several methods were attempted to separate (+)-catechin from these compounds,
including SPE (Solid Phase Extraction) and use of different packing materials in the HPLC column,
but neither modification was successful (See Appendix D for detailed information about SPE
methods and packing materials in HPLC columns). Additionally, it was unsuccessful to quantify
all flavan-3ols due to the lack of commercially available reference standards, leading to an
inability to produce individual calibration curves for each flavan-3ol.

3.2.3.2. Flavonols
Flavonols were detected from all cultivars, at wavelength 365 nm in HPLC-UV. Quercetin 3-Oglucoside and quercetin 3-O-rutinoside were detected in all cultivars and confirmed with
reference standards. Three more quercetin derivatives were tentatively identified by LC-MS/MS.
All quercetin derivatives were fragmented to m/z 301, corresponding to the deprotonated
quercetin aglycone after cleavage of the sugar moieties (Figure 43) Some cultivars had a variety
of flavonols in their profiles, but some had only trace amounts of quercetin 3-O-glucoside and
quercetin 3-O-rutinoside without other quercetin derivatives. Figure 44 shows the HPLC-UV
chromatograms of several flavonols at 365 nm from the Asian ‘Abundance’ cultivar. All five
flavonols had quercetin as an aglycone and were conjugated with different sugar moieties.
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Figure 43. HPLC-MS spectrum of quercetin 3-O-glucoside ([M-H] of m/z 463: quercetin 3-Oglucoside, m/z 301: quercetin aglycone).

*
quercetin 3-O-glucoside

* : quercetin derivatives

quercetin 3-O-rutinoside

*

*

Figure 44. HPLC−UV chromatogram of quercetin derivatives at 365 nm in ‘Abundance’.

3.2.3.3. Isoflavones and Lignans
Isoflavones and lignans were investigated in all cultivars which were harvested in both 2016 and
2017. They are known phytoestrogens, and were previously reported in dried, cooked, and raw
European plum cultivars (Liggins et al. 2000, Kuhnle et al. 2009). Two isoflavones, daidzein and
genistein, and one lignan, secoisolariciresinol, were major phytoestrogens found in fruits and
vegetables, either conjugated or not conjugated with sugars (Figure 45). These major
phytoestrogens, daidzein, genistein, and secoisolariciresinol, and their glycosylated forms,
daidzin, genistin, and secoisolariciresinol diglucoside were analyzed using HPLC-UV at
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wavelength 254 nm for isoflavones, and 280 nm for lignans, and LC-MS/MS in both negative ion
mode and positive ion mode to detect their total ions [M-H]- or [M+H] +.

Figure 45. Structures of hypothesized isoflavones and lignans.

Flavan-3ols, flavonols, isoflavones, and lignans were investigated in all cultivars. Both flavan-3ols
and flavonols were detected in all cultivars, but isoflavones and lignans were not. Detected
flavan-3ols and flavonols were not quantified due to the challenges in separation and lack of
commercially available reference standards; however, these phenolics are known to be
antioxidants in natural products and should be taken into account when antioxidant activity is
measured in future studies.
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3.3. Quantification of Phenolics
3.3.1. Anthocyanins
3.3.1.1. Effects of Cultivar, Maturity, and Year−To−Year Differences
Total anthocyanin concentration in colored plums of three Asian cultivars with two stages of
maturity in 2014 and 2015 varied among years, stages of maturity, and cultivars with
interactions among these three factors (Table 11). All type 3 P-values are less than 0.05 which
means there are significant differences between all of them. Total anthocyanin concentration
was greater in 2014 than in 2015 in ‘Methley’ and ‘Obilnya’ at both stages of fruit maturity
(Figure 46). The large difference in total anthocyanin concentration between 2014 and 2015 in
‘Obilnya’ may be attributed to the light crop in 2014 compared to 2015, possibly because
anthocyanins accumulate more when the tree is less crowded by higher fruit yield. Cropload in
the other cultivars was consistent from year−to−year. In ‘Vanier’, anthocyanin content was
greater in 2015 than in 2014 in tree-ripe fruit but similar in both years in partial-ripe fruit. In
both years, tree-ripe fruit had a greater total anthocyanin concentration in all three cultivars.
‘Obilnya’ had the highest concentration of anthocyanins in both years, higher than ‘Methley’
which developed red flesh first near the pit and progressively outward toward the peel
becoming completely red when tree-ripe. In contrast, ‘Obilnya’ had red coloring near the peel
and none near the pit (Figure 47). The greater concentration in ‘Obilnya’ plums may be
attributed to their thicker peel which was noticeably more difficult to grind after freeze drying
compared with ‘Methley’. Overall, the anthocyanin accumulation varied with cultivars and
year−to−year conditions, and ‘Obilnya’ had the highest concentration in the year of 2014. Not
surprisingly, the concentrations in tree-ripe fruits were consistently higher than the partial-ripe
fruits among all cultivars for both years.
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Table 11. Type 3 P- values for the effects of cultivar, harvest maturity (partial-ripe and tree-ripe),
year (2014 and 2015), and their interactions on anthocyanins in ‘Methley’, ‘Obilnya’, and
‘Vanier’ Asian plums.
Total
anthocyanins

Cyanidin
3-O-glucoside

Cyanidin
3-O-galactoside

Cyanidin
3-O-rutinoside

Cultivar (C)

0.0001

0.0001

0.0001

0.0001

Year (Y)

0.0001

0.9258

0.0001

0.0001

Maturity (M)

0.0001

0.0001

0.0023

0.0001

CxY

0.0001

0.0001

0.0001

0.0001

CxM

0.0001

0.0001

0.0001

0.0001

YxM

0.0022

0.0001

0.7621

0.0002

CxYxM

0.0427

0.0266

0.0033

0.0001
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Figure 46. Anthocyanin concentration (mg / g DW) in three plum cultivars harvested at the
partial- and tree-ripe stages of fruit maturity in 2014 and 2015. Each bar is a mean ± se of 3
replicates. Within each cultivar, bars with the same letter are not significantly different (P ≤
0.05). Capital letters indicate means separation for total anthocyanin and small case letters for
each type of anthocyanin.
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Methley

Obilnya

Vanier

Figure 47. Photos of peel and flesh for three cultivars of Asian plum.

Year-to-year variability in anthocyanin content was investigated. Two Asian cultivars, ‘Methley’
and ‘Vanier’, were available for four consecutive years (2014-2017), and another Asian plum,
‘Obilnya’ for three years (2014, 2015, and 2017). Their total anthocyanin concentrations and the
percentages of individual anthocyanin concentrations were compared to investigate
year−to−year differences. Figure 48 shows the changes in anthocyanin concentrations for four
years in ‘Methley’ and ‘Vanier’. ‘Methley’ had the highest concentration in 2017 and the lowest
in 2016, while ‘Vanier’ had the lowest in 2017, but the highest in 2015. In the four year period,
total anthocyanin concentration ranged from 0.53 to 0.88 mg / g DW in ‘Vanier’ and from 2.6 to
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2.9 mg / g DW in ‘Methley’. Year−to−year variation was also measured in ‘Obilnya’ in 2014,
2015, and 2017 when total concentration was 4.6, 3.5, and 3.2 mg / g DW, respectively, ranging
from 3.2 to 4.6 mg / g DW. Neither ‘Methley’ nor ‘Vanier’ had large changes in four years
between the lowest and highest concentrations, having a difference of 0.34 mg / g DW in both
cultivars, while the difference in ‘Obilnya’ across three years was 1.4 mg / g DW. This indicates

mg /g DW

that cultivar differences dominated over year−to−year variation in these three cultivars.
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cyanidin-rutinoside
cyanidin-glucoside
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Methley

Obilnya
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Figure 48. Anthocyanin concentrations in the Asian cultivars ‘Methley’ and ‘Vanier’ in four years.

The percentage of each anthocyanin concentration in three Asian cultivars, ‘Methley’, ‘Obilnya’,
and ‘Vanier’, was calculated and is displayed in Figure 49. The relative proportion of each
anthocyanin was similar from year−to−year in ‘Methley’ and ‘Obilnya’ while it was more variable
in ‘Vanier’. The larger proportional variation in ‘Vanier’ may result from its lower total
anthocyanin concentration. With significantly lower total concentration, small differences in
concentration result in larger proportional changes. ‘Methley’ and ‘Obilnya’, had greater total
anthocyanin concentrations, so their proportional variations were not distinctive. These results
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indicate that regulation by gene expression in each cultivar causes a similar proportion of
specific anthocyanin accumulation despite the year−to−year changes in total anthocyanin
concentrations that are influenced by environmental factors including orchard conditions, crop
load, and weather.

Anthocyanin Concentration (% of total)

(a)
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2016
2015
2014
0.0

20.0
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100.0
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20.0
40.0
60.0
80.0
C. galactoside C. glucoside C. rutinoside

100.0

(b)
2017
2016
2015
2014

(c)
2017
2015
2014

Figure 49. Concentration of individual anthocyanins as a percentage of the total anthocyanins in
(a) ‘Methley’ and (b) ‘Vanier’ plums in four harvest years (2014, 2015, 2016 and 2017), (c)
‘Obilnya’ plums in three harvest years (2014, 2015, and 2017)
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3.3.1.2. Species
Anthocyanin concentrations in fifteen cultivars with three species harvested in 2017 were
compared to evaluate differences among species. Figure 50 shows the total anthocyanin
concentrations in three Asian cultivars, four American-hybrid cultivars, and three European
cultivars. Anthocyanins were not detected in ‘Early Golden’ (EG), ‘Shiro’ (SH), ‘Cambridge Gage’
(CG), ‘Oullins’ (OU), and ‘Rose Gage (RG)’, all of which have yellow-green peel and flesh. Among
the red and purple colored plums, anthocyanin concentration was greatest in the European
‘Caçak’s Best’ (CB) and lowest in the American-hybrid ‘Superior’ (SU). As discussed in the
previous section (3.3.1.1.), total anthocyanin concentration varied depending on cultivars, not
on species; however, it was relatively low in all American-hybrid cultivars. Two Asian cultivars,
‘Methley’ (MY) and ‘Obilnya’ (OB), had both red-colored peel and flesh, reflecting the higher
anthocyanin concentrations than in the other Asian cultivar, ‘Vanier’ (VA), and all of the
American-hybrid cultivars. Additionally, three European plums, ‘Castleton’ (CA), ‘Caçak’s Best’
(CB), and ‘Valor’ (VL), had relatively thick peel compared to the Asian and American-hybrid
cultivars. Therefore, all of the American-hybrid cultivars, which had neither thick peel nor redcolored flesh, had lower anthocyanin concentrations than Asian and European cultivars.
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Figure 50. Anthocyanin concentrations of plums harvested in 2017.

3.3.1.3. Comparison with Other Fruits
There were two challenges in comparing anthocyanin concentrations observed in the present
study with those reported in the literature. First, anthocyanin concentration was based on dry
weight in this study, while most studies reported on a fresh weight basis. Second, in this study,
total anthocyanin concentration was calculated by adding together individual anthocyanin
concentrations determined by individual calibration curves for each anthocyanin. Mostly, other
comparative studies measured total anthocyanin concentration from a single calibration curve,
expressed as cyanidin glucoside equivalent. Therefore, comparing results in different studies
should be approached cautiously. Anthocyanin concentrations that had been determined based
on dry weight (Bobrich et al. 2014) and on fresh weight (Hosseinian and Beta, 2007) were
compared by converting the anthocyanin concentrations based on fresh weight to values based
on dry weight by assuming that their moisture contents were approximately 85%, as shown in
Figure 51. The total anthocyanin concentration of the Asian cultivar ‘Obilnya’ was included for
comparison with other fruits in Figure 51. More information regarding moisture content is
available in Appendix E.
100
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Figure 51. Comparison of total anthocyanin concentration (mg / 100 g DW) with other fruits
(Hosseinian and Beta, 2007, Bobrich et al. 2014). (*converted from fresh weight to dry weight).

3.3.2. Hydroxycinnamic Acid Derivatives
Neochlorogenic acid was identified as the major HCA in four Asian cultivars, ‘Methley’, ‘Obilnya’,
‘Shiro’, and ‘Vanier’, with two stages of maturity in 2014 and 2015 and was quantified to
investigate the change of neochlorogenic acid concentration in cultivar, maturity at harvest, and
year−to−year variability. Since other HCA derivatives were detected and identified in other
cultivars from the year of 2015, it was necessary to find a method for quantifying all HCA
derivatives in all cultivars. Therefore, cultivars harvested in 2015, 2016, and 2017 with the treeripe stage of maturity were hydrolyzed with base to quantify all HCA derivatives, but cultivars in
2014 and 2015 with two stages of maturity were analyzed only for neochlorogenic acid
concentration. Four Asian cultivars, ‘Methley’, ‘Obilnya’, ‘Shiro’, and ‘Vanier’, at the tree-ripe
stage, were analyzed for both neochlorogenic acid concentration and total HCA concentration
after base hydrolysis.
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3.3.2.1. Neochlorogenic Acid Concentration by Cultivar, Maturity, and Year of Harvest
Neochlorogenic concentration varied by cultivar and year, but not maturity, and interactions
among these three factors were significant (Table 12). Type 3 P-values are less than 0.05 for the
cultivar and year, but the P-value for maturity is more than 0.05 which means there is no
significant difference. In ‘Obilnya’ and ‘Shiro’, concentrations were lower in 2014 than in 2015 at
both maturity stages, but in ‘Vanier’ the concentration was greater in 2014 than in 2015 (Figure
52). In ‘Methley’, the concentration was greater in 2014 than in 2015 in partial-ripe fruit, but in
tree-ripe fruit, it was similar in both years. The effect of year was inconsistent among cultivars
and stage of maturity. Environmental variation between the different ripening dates and
seasons may account for the cultivar inconsistency. Less rainfall occurred prior to ‘Shiro’ and
‘Obilnya’ harvest than before the harvest of the other two cultivars. Temperatures in 2014 were
cooler, and the temperature range was wider than in 2015 for the 30 days prior to harvest
(Table 13). It was also noted that the cultivars, ‘Shiro’ and ‘Vanier’, with none or lower
concentrations of anthocyanins, showed greater year-to-year variation in HCA, but this trend
should be verified with studies that include a larger number of cultivars. Neochlorogenic acid
concentrations showed no consistent increasing or decreasing trends with ripening both in 2014
and 2015 in the present study. Previous studies also reported that there was no significant
correlation for phenolic acid content and ripening; however, anthocyanins in the peel increased
significantly during ripening (Usenik et al. 2013, Tomás−Barberán et al. 2001, Venter et al. 2014)
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Table 12. Type 3 P- values for the effects of cultivar, harvest maturity (partial-ripe and tree-ripe),
year (2014 and 2015), and their interactions on neochlorogenic acid concentration.
Neochlorogenic acid
Cultivar (C)

0.0001

Year (Y)

0.0205

Maturity (M)

0.2001

CxY

0.0001

CxM

0.0001

YxM

0.0008

CxYxM

0.0001

Table 13. Harvest dates, precipitation, and average temperature for the 30 days prior to harvest
of four cultivars of Asian plum.
Harvest Date
Cultivar

Precipitation (mm)

Temperature (°C)

2014

2015

2014

2015

2014

2015

Methley

4 Aug.

1 Aug.

115

50

22.7

23.0

Obilnya

18 Aug.

9 Aug.

87

18

20.6

23.3

Shiro

19 Aug.

9 Aug.

87

18

20.4

23.3

Vanier

1 Sept.

3 Sept.

99

42

19.0

23.4
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Figure 52. Concentration of neochlorogenic acid (mg / g DW) in four Asian cultivars harvested at
the partial- and tree-ripe stages of fruit maturity in 2014 and 2015. Each bar is a mean ± se of 3
replicates. Within each cultivar, bars with the same letter are not significantly different
(P ≤ 0.05).
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3.3.2.2. Base Hydrolysis
In order to quantify both major HCAs (neochlorogenic acid and chlorogenic acid) and other
derivatives, base hydrolysis was necessary for all plum extracts except ‘Toka’ which had only
chlorogenic acid. After base hydrolysis, the total HCA concentration of each cultivar was
determined by adding three simple HCAs, caffeic acid, caffeic acid methyl ester, and p-coumaric
acid. The concentrations of all caffeic acid derivatives (neochlorogenic acid, chlorogenic acid,
and isomers of caffeoylshikimic acid) were expressed as both caffeic acid and caffeic acid methyl
ester due to the transformation of some caffeic acid into caffeic acid methyl ester by acid
catalyzed esterification when methanol was used as an extraction solvent (Figure 53). The
concentrations of p-coumaric acid derivatives were expressed as p-coumaric acid. Three simple
HCAs after base hydrolysis were detected at 320 nm in HPLC-UV (Figure 54), and were identified
in LC-MS/MS as caffeic acid at tR 22.6 min, yielding [M – H] – of m/z 179, which fragmented to
m/z 135 after the loss of CO2; p−coumaric acid at tR 31.9 min, yielding [M – H] – of m/z 163,
which fragmented to m/z 119 after the loss of CO2; and caffeic acid methyl ester at tR 40.6 min,
yielding [M + H] + of m/z 195, which fragmented to m/z 163 after the loss of methoxy residue
(Figure 55)
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Figure 53. Mechanism of (1) base hydrolysis of neochlorogenic acid and (2) acid catalyzed
esterification of caffeic acid into caffeic acid methyl ester.

caffeic acid methyl ester

p-coumaric acid
caffeic acid

Figure 54. HPLC−UV chromatogram at 320 nm showing three simple hydroxycinnamic acids after
base hydrolysis of the extract of the Asian plum ‘Vanier’.
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(a)

(b)

(c)

Figure 55. HPLC-MS spectra of (a) caffeic acid ([M-H]- of m/z 179 and a fragment m/z 135), (b) pcoumaric acid ([M-H]- of m/z 163 and a fragment m/z 119), and (c) caffeic acid methyl ester
([M+H]+ of m/z 195 and a fragment m/z 163).

3.3.2.3. Year−To−Year, Cultivar, and Species Differences
Total HCA concentrations were compared among the repeated cultivars for two years (2016 and
2017) with the tree-ripe maturity stage. Two Asian plums, ‘Methley’ and ‘Vanier’, the Americanhybrids, ‘Kahinta’ and ‘Superior’, and two European cultivars, ‘Castleton’ and ‘Rosy Gage’, were
evaluated to observe year−to−year differences. Figure 56 shows the total HCA concentrations
from the combined three simple hydroxycinnamic acids after base hydrolysis. All cultivars in
2017 had higher HCA concentrations than the same cultivars in 2016, showing a significant
year−to−year difference over these two years. The combined concentrations of caffeic acid and
caffeic acid methyl ester, which were from all caffeic acid derivatives, increased in all cultivars
when total concentrations increased in 2017. However, the concentrations of p-coumaric acid
increased only in Asian and European cultivars but decreased in American-hybrid cultivars. Total
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concentrations among the six cultivars in 2016 varied from a low of 0.20 mg / g DW in ‘Superior’,
to a high of 3.9 mg / g DW in ‘Rosy Gage’, and from 0.24 mg / g DW in ‘Superior’ to 5.3 mg / g
DW in ‘Rosy Gage’ in 2017. The American-hybrid ‘Superior’ had the lowest in both years, and the
European ‘Rosy Gage’ had the highest in both years. This result suggested the concentration of
HCA derivatives was dependent on both the cultivar and the year; however, there was not a
sufficient number of cultivars to evaluate differences among species.
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Figure 56. Concentration of total hydroxycinnamic acid derivatives (mg / g DW) in six plum
cultivars harvested at the tree-ripe stage of fruit maturity in 2016 and 2017.

In order to investigate further the HCA concentration differences among species, fifteen
cultivars in three species, including five Asian, four American-hybrid, and six European, were
analyzed, and the HCA concentrations compared as shown in Figure 57. ‘Toka’ plum, which had
chlorogenic acid as its only HCA, did not require base hydrolysis, and thus the total HCA was
equal to the concentration of chlorogenic acid. European plum cultivars had the highest
concentrations among the three species, and Asian plums had relatively low HCA
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concentrations. American-hybrid cultivars, except ‘Superior’ (SU) had higher HCA concentration
than Asian plums, but lower than European plums. The European ‘Cambridge Gage’ (CG) had the
highest concentration among all cultivars, and the American-hybrid ‘Superior’ (SU) was the
lowest. It is interesting to note that three of the American-hybrids, ‘Alderman’ (AL), ‘Kahinta’
(KA), and ‘Toka’ (TK), were higher in HCA concentration than all Asian plums, but ‘Superior’ (SU),
displayed the lowest HCA content of all plums measured. This suggests that ‘Superior’ has more
in common with its Asian parent than with its American parent.
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Figure 57. Concentration of total hydroxycinnamic acid derivatives (mg / g DW) in fifteen plum
cultivars harvested at the tree-ripe stage of fruit maturity in 2017. (See Appendix F for 2015 and
2016 data).

Total concentrations of HCA derivatives were composed primarily of caffeic acid derivatives,
such as caffeoylquinic acid or caffeoylshikimic acid. However, the relative proportion of
p−coumaric acid derivatives was higher in Asian cultivars, ranging from 12.2 % in ‘Shiro’ to 23.4
% in ‘Obilnya’, compared with European cultivars, which had only 1.8 % in ‘Cambridge Gage’ and
3.7 % in ‘Oullins’. This may be a trait that distinguishes European from Asian cultivars. Unlike
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anthocyanins, concentrations of HCA displayed distinct differences between species with most
European cultivars having higher HCA concentrations than Asian and American-hybrid cultivars,
while most Asian cultivars were lower in HCAs than the other species. The American-hybrids
varied with cultivar, having the lowest HCA concentration in ‘Superior’ and moderate
concentrations in other cultivars.

3.4. Total Phenolic Concentration and Antioxidant Activity
Total phenolic concentration (TPC), which is a measure of all phenolics including anthocyanins
and HCAs, was evaluated in eight plum cultivars harvested with two stages of maturity in 2015
(Figure 58) (data provided by Zakkary J. Castonguay). TPC was not significantly changed by
maturity, but TPC at the tree-ripe stage was higher than TPC at the partial-ripe, except for in the
Asian cultivar ‘Methley’ (MY) and the American-hybrid ‘Toka’ (TK). TPC in the Asian cultivars
‘Shiro’ (SH) and ‘Vanier’ (VA) increased more with ripening than in other cultivars. The
American-hybrid, ‘Toka’ (TK), had the greatest TPC at the partial-ripe, but the Asian plum,
‘Vanier’ (VA), had the greatest TPC at tree-ripe. The Asian cultivar, ‘Shiro’ (SH), had the lowest
TPC at both stages of maturity. Two cultivars in which anthocyanins were not detected, ‘Early
Golden’ (EG) and ‘Shiro’ (SH) had lower TPCs than other cultivars that had anthocyanins.
However, among cultivars harvested at tree-ripe, the Asian ‘Vanier’ (VA) had the highest TPC,
and among partial-ripe, the American-hybrid, ‘Toka’ (TK) had the highest TPC, despite both
cultivars having lower anthocyanin concentration than the other Asian cultivars. (see Appendix
G for anthocyanin concentrations in 2015 plum cultivars).
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Figure 58. Total phenolic concentration, as gallic acid equivalents (GAE), in eight plum cultivars
harvested at two stages of fruit maturity in 2015. (* only available at the tree-ripe stage) (data
provided by Zakkary J. Castonguay)

Total phenolic concentrations of twelve cultivars in 2016 and fifteen cultivars in 2017 at the
tree-ripe stage of maturity were determined and are compared in Figure 59 (2016 Data provided
by Amber Elwell). TPC was greater in American-hybrids compared to Asian and European plums
in both years. The American-hybrid ‘Toka’ (TK) had the greatest TPC in both years, and the
European ‘Rosy Gage’ (RG) and ‘Oullins’ (OU) had the lowest TPCs in 2016 and 2017,
respectively. Despite having no significant relationship between TPC and the concentrations of
anthocyanins or HCAs, cultivars that had no detectable anthocyanins, ‘Early Golden’ (EG), ‘Shiro’
(SH), and ‘Rosy Gage’ (RG) in 2016, and ‘Early Golden’, ‘Shiro’, and ‘Oullins’ (OU) in 2017, also
had the lowest TPC, all of them measuring lower than 4.1 mg GAE / g DW in 2016, and 6 mg GAE
/ g DW in 2017. On the contrary, ‘Cambridge Gage’ (CG), which also had no detectable
anthocyanins, had the greatest TPC among European cultivars, having two times greater TPC
than ‘Oullins’ in 2017. Although it was expected that European cultivars with high
concentrations of HCA would have high TPC, they measured low TPC. This suggests that
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anthocyanin concentrations may contribute to TPC more than HCA concentrations do, even
though there were no significant correlations between TPC and anthocyanin or HCA
concentrations.

Year-to-year differences in TPC occurred in all ten cultivars that were analyzed in both 2016 and
2017, showing higher TPC in 2017 than in 2016. This was also observed in HCA concentrations in
2016 and 2017. Interestingly, although the increases in both TPC and HCA varied depending on
cultivars, the Asian ‘Shiro’ with the lowest TPC had the smallest increase in TPC (0.65 mg GAE / g
DW ), while the American ‘Toka’ with the highest TPC of had the greatest increase in TPC (7.1
mg GAE / g DW) between 2016 and 2017. Likewise, the American-hybrid ‘Superior’ with the
lowest HCA had the smallest increase in HCA (0.04 mg / g DW), and the European ‘Rosy Gage’
had the greatest increase in HCA (1.4 mg / g DW). In both years, the American-hybrids had
higher TPCs than the Asian and European cultivars, even though HCA concentrations were
greatest in the European cultivars.
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Figure 59. Total phenolic concentration, as gallic acid equivalents (GAE), in (a) twelve cultivars in
2016 (b) fifteen cultivars in 2017. Plums were harvested at the tree-ripe stage of fruit maturity in
both years. EI – Early Italian, GG – Green Gage. (2016 data provided by Amber Elwell).

Antioxidant activity (AOA) was measured using the 2,2−diphenyl−1−picrylhydrazyl (DPPH) assay,
in which the concentration of the sample necessary to decrease the DPPH concentration by 50
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% was determined and reported as the IC50 value. Thus, a lower IC50 indicates greater
antioxidant activity. Figure 60 shows the IC50 values measured in 2017 cultivars, showing lower
IC50 values, and thus higher antioxidant activity, in American-hybrids. In general, fruits that were
high in TPC were also high in AOA (with low IC50 values). The American-hybrid cultivars which
had higher TPC, had lower IC50 values than the Asian and European cultivars, as expected. The
American-hybrid, ‘Toka’, which had the highest TPC, had the highest AOA (lowest IC50 value),
while the European ‘Oullins’ with the lowest TPC, had the highest IC50 value indicating the
lowest AOA. Two Asian cultivars, ‘Early Golden’ and ‘Shiro’, which had no detectable
anthocyanins and low TPCs, also had high IC50 values (low AOA). These results are consistent
with what is expected based on the general relationship between TPC and AOA.
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Figure 60. IC50 values measured in fifteen plum cultivars harvested in 2017.
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The relationship between TPC and AOA was evaluated for all cultivars from 2015, 2016, and
2017 (2015 data provided by Zakkary J. Castonguay, and 2016 data by Amber Elwell). Between
TPC and AOA, there was a linear relationship in 2015 cultivars with r2 = 0.89, and a curvilinear
relationship in both 2016 and 2017 with R2 = 0. 75 and 0.84, respectively (Figure 61). The IC50
values decreased when TPC increased, resulting in negative slopes in all three relationships.
Curvilinear relationships in both 2016 and 2017 suggested that when the TPC was low, a small
increase in TPC had a greater effect on AOA than when TPC was high. In previous studies, a
linear relationship has been observed between AOA and TPC in different plum cultivars (Gil et al.
2002, Cevallos−Casals et al. 2005). In the present study, however, measuring TPC in three
species with twelve and fifteen cultivars in 2016 and 2017, respectively, resulted in wider ranges
of TPC values than observed in the 2015 study in which only six Asian cultivars, an Americanhybrid, and a plumcot were investigated. This led to the curvilinear relationship observed in
both 2016 and 2017.

Although there have been mixed reports regarding correlations between AOA and anthocyanin
content and hydroxycinnamic acid content (Huang et al. 2016, Nowicka et al. 2016), in this
study, antioxidant activity was not directly related to concentration of anthocyanins or phenolic
acids, but rather AOA was only related to TPC. Other phenolic phytochemicals detected in plum
fruits, which include flavan−3−ols and flavonols, also contribute to antioxidant capacity (Poonam
et al. 2011). For example, Venter et al. (2014) reported that plum fruits with high flavan−3−ol
content had high AOA. Additionally, some contribution to AOA likely comes from non-phenolic
compounds such as vitamins and carotenoids which were not taken into account in the present
study.
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Figure 61. The relationship between total phenolic concentration as gallic acid equivalents (GAE)
and antioxidant activity (IC 50) in (a) eight cultivars in 2015, (b) twelve cultivars in 2016, and (c)
fifteen cultivars in 2017. (Error bars are not shown in (c) because they are smaller than the data
markers)
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CHAPTER 4
CONCLUSION AND SUGGESTED WORK
4.1. Conclusions
Seventeen Maine-grown plum cultivars of three species were evaluated for the composition of
phenolic phytochemicals, focusing on anthocyanins and hydroxycinnamic acids. Each cultivar
displayed its own fingerprint of phenolic phytochemicals in the UV chromatogram, analyzed by
HPLC-DAD; however, the major anthocyanins and hydroxycinnamic acids were present in most
cultivars. Two major anthocyanins, cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside, were
found in red-purple colored plum cultivars. Total anthocyanin concentration varied depending
on the cultivar but was consistently higher in the tree-ripe stage of maturity than in the partialripe stage. Neochlorogenic acid and chlorogenic acid were two major hydroxycinnamic acid
derivatives in most cultivars, but some cultivars had various hydroxycinnamic acid derivatives,
not having only one or two predominant hydroxycinnamic acids in their profiles. All
hydroxycinnamic acid derivatives found in plums derive from two simple hydroxycinnamic acids,
caffeic acid and p-coumaric acid. After base hydrolysis of plum extracts, all hydroxycinnamic acid
derivatives were transformed into either caffeic acid or p-coumaric acid. Total hydroxycinnamic
acid varied by the cultivar, but there were significant differences among species. European
cultivars had a higher concentration than Asian and American-hybrid cultivars, showing species
dependency. However, the impact on the total hydroxycinnamic acid concentration of maturity
at harvest and the year-to-year difference was not consistent.

Total phenolic concentration was measured using the Folin-Ciocalteu assay to evaluate the
relationship with other measurements of phenolic phytochemicals and antioxidant activity.
American-hybrid cultivars had higher TPC than Asian and European cultivars, despite having
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lower HCA than other species. European cultivars had the lowest TPC while they had the highest
HCA. This result suggests that there are other phenolic phytochemicals or substances that may
react in the Folin-Ciocalteu assay, adding to the TPC measurement. Flavonols and flavan-3ols
which were detected, but not quantified in all plum cultivars in this study, most likely contribute
to TPC.

Antioxidant activity was measured using the DPPH assay, and the relationship of AOA with TPC
was examined. There was a significant curvilinear relationship between AOA and TPC, which
supports the finding that plums with higher TPC have higher AOA, and AOA was affected more
by changes at lower values than at higher TPC values. Due to the significant correlation between
AOA and TPC, higher AOA was observed in the American-hybrid cultivars with higher TPCs than
in other species.

Analyzing phenolic phytochemicals and antioxidant activity in Maine-grown plum cultivars can
provide important information to recommend plum as a new crop candidate for Maine farmers.
There are challenges to analyze some phenolic phytochemicals due to the separation and
quantification; however, future studies with the suggested work in the next section will provide
a complete profile of phenolic phytochemicals in plums and verify the relationship between the
profile of phenolic phytochemicals and their antioxidant activity.

4.2. Suggested Work
Based on the results from this study, several recommendations for future work are stated
below, focusing on sample collection and the analysis of phenolic phytochemicals, TPC, and
AOA.
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1. Increase numbers of repeated cultivars in each species: Analysis in this study was limited by
the available number of cultivars in each species depending on yearly crop yield, causing
difficulties in the comparison of data between years and species. Increasing the number of
cultivars with the repeated years will support the reported data and verify the conclusions in
this study.

2. Analyze flavonols and flavan-3ols: The relationship between TPC or AOA and two groups of
phenolic phytochemicals, anthocyanins, or hydroxycinnamic acids was not significant enough in
this study to examine the major role of each phenolic group on TPC or AOA. Considering
flavonols and flavan-3ols were found in most of the plum cultivars in this study, they need to be
analyzed to fully evaluate the relationship with TPC and AOA, which will provide the evidence of
each group’s contribution to the TPC and AOA. This may be achieved by additional experiments
to optimize the separation of compounds in the HPLC column, using a different stationary phase
or particle size of materials in the column.

3. Remove interfering compounds in the TPC measurement: As discussed in the section about
TPC measurement using the Folin-Ciocalteu assay in Chapter 1, there may be interfering
components in plum extracts that can lead to inaccurate results. Therefore, in future studies, a
modified Folin-Ciocalteu assay should be used. This would involve adding a pre-treatment
process and measuring ascorbic acid in plum extracts, which are known to contribute to the TPC
value.

4. Investigate various assays for measurement of antioxidant activity: This study evaluated the
antioxidant activity of plum extracts using only the DPPH assay. There are other assays available,
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however, to examine the antioxidant activity based on different antioxidant mechanisms.
Comparison of the assays would provide the validation of results from each assay and highlight
the advantages or disadvantages of each assay, particularly as it applies to plum extracts which
have different compositions of phenolic phytochemicals from other fruits and vegetables.
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APPENDIX A: SAMPLE CALCULATION OF TOTAL PHENOLIC CONCENTRATION MEASUREMENT

Three plum extracts, prepared as described in Chapter 2, of ‘Castleton’, ‘Caçak’s Best’, and
‘Valor’ were placed on a 96 well plate with the gallic acid standard. Table 14. displays the plate
layout with columns 1 to 3 showing the gallic acid standard solution and their blanks for the
calibration curve (STD1-STD7) and columns 4 to 12 showing the plum samples (CA1, CB2, VL1)
and their blanks (BLK) which have all reagents added except plum extracts. Figure 62 displays
the absorbance after reading the plate at 750 nm in a UV plate reader (Biotek ELx 800,
Winooski, VT).

Table 14. Plate layout with three samples with three replicates.
1

2

3

4

5

6

7

8

9

10

11

12

A

Blank

Blank

Blank

CA1

CA1

CA1

CA2

CA2

CA2

CA3

CA3

CA3

B

STD1

STD1’

STD1’

CB1

CB1

CB1

CB2

CB2

CB2

CB3

CB3

CB3

C

STD2

STD2’

STD2’

VL1

VL1

VL1

VL2

VL2

VL2

VL3

VL3

VL3

D

STD3

STD3’

STD3’

BLK

BLK

BLK

BLK

BLK

BLK

BLK

BLK

BLK

E

STD4

STD4’

STD4’

BLK

BLK

BLK

BLK

BLK

BLK

BLK

BLK

BLK

F

STD5

STD5’

STD5’

BLK

BLK

BLK

BLK

BLK

BLK

BLK

BLK

BLK

G

STD6

STD6’

STD6’

H

STD7

STD7’

STD7’
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A
B
C
D
E
F
G
H

1
0.038
0.14
0.256
0.554
0.798
0.945
1.271
0.038

2
0.039
0.151
0.268
0.553
0.827
1.081
1.341
0.037

3
0.038
0.159
0.269
0.552
0.832
1.162
1.388
0.038

4
0.475
0.754
0.624
0.038
0.037
0.037
0.039
0.035

5
0.461
0.769
0.635
0.039
0.036
0.036
0.037
0.035

6
0.478
0.783
0.637
0.037
0.036
0.038
0.036
0.035

7
0.567
0.812
0.723
0.051
0.036
0.036
0.036
0.035

8
0.551
0.762
0.711
0.101
0.037
0.036
0.036
0.035

9
0.567
0.809
0.713
0.142
0.037
0.037
0.036
0.035

10
0.566
0.805
0.673
0.04
0.037
0.037
0.059
0.035

11
0.564
0.816
0.651
0.054
0.038
0.037
0.037
0.035

12
0.506
0.778
0.669
0.117
0.037
0.037
0.036
0.035

Figure 62. Absorbance after reading the plate at 750 nm.

After obtaining the absorbance, the gallic acid standard calibration curve was generated using
Excel with concentrations (X axis) and absorbances (Y axis) of the standards, and the resulting
regression equation was obtained, expressed as: y = a + b x (Figure 63). For this calibration
curve, the equation was: absorbance = 0.0052(concentration) – 0.0139.

1.4

Absorbance

1.2
1
0.8

y = 0.0052x - 0.0139
R² = 0.9994

0.6
0.4
0.2
0
0

50

100
150
200
Concentration (ug/mL)

250

300

Figure 63. Calibration curve of gallic acid standard.

Next, the absorbance of the blank was subtracted from the sample absorbance (shown in Table
15), and the TP concentrations of each sample solution was calculated using the regression
equation, x (total phenolic concentration) = (y - a) / b. ( y is the sample’s absorbance from the
135

Table 16). Table A.3 shows the total phenolic concentration. All values were multiplied by 10
because each concentration of gallic acid standard was diluted to 10 mL of solution. This
converts all values into the total phenolic concentration to a volume of 10 mL (Table 17). Next,
all values were converted into the units of mg/mL (Table 18). However, the volume of each plum
sample was 7.5 mL, thus all values were multiplied by 7.5 (Table 19). Finally, all values were
divided by the initial mass, in grams, of each sample (Table 20), converting units into mg / g
dried weight (DW). Average values of each sample and standard deviation errors were
calculated from triplicate values (Table 21). Figure 64 shows the total phenolic concentration of
three cultivars expressed as gallic acid equivalent.

Table 15. Sample absorbance after subtraction of blank value.
CASTLETON 1,2,3
CACAKS BEST 1,2,3
VALOR 1,2,3

0.438
0.717
0.585

0.425
0.733
0.598

0.442
0.745
0.601

0.531
0.776
0.687

0.514
0.726
0.675

0.53
0.772
0.677

0.529
0.768
0.614

0.526
0.779
0.614

0.469
0.741
0.633

Table 16. Calculated total phenolic concentration of samples by the regression equation.
CASTLETON 1,2,3 86.9038462 84.403846 87.67308 104.78846 101.51923 104.596154 104.40385 103.82692 92.865385
CACAKS BEST 1,2,3 140.557692 143.63462 145.9423 151.90385 142.28846 151.134615 150.36538 152.48077 145.17308
VALOR 1,2,3
115.173077 117.67308 118.25 134.78846 132.48077 132.865385 120.75
120.75 124.40385

Table 17. Values multiplied by 10 from calculated total phenolic concentration of samples.

CASTLETON 1,2,3 869.038462 844.03846 876.7308 1047.8846 1015.1923 1045.96154 1044.0385 1038.2692 928.65385
CACAKS BEST 1,2,3 1405.57692 1436.3462 1459.423 1519.0385 1422.8846 1511.34615 1503.6538 1524.8077 1451.7308
VALOR 1,2,3
1151.73077 1176.7308 1182.5 1347.8846 1324.8077 1328.65385 1207.5
1207.5 1244.0385

Table 18. Converted values into the until of mg/mL.
CASTLETON 1,2,3 0.86903846 0.8440385 0.876731 1.0478846 1.0151923 1.04596154 1.0440385 1.0382692 0.9286538
CACAKS BEST 1,2,3 1.40557692 1.4363462 1.459423 1.5190385 1.4228846 1.51134615 1.5036538 1.5248077 1.4517308
VALOR 1,2,3
1.15173077 1.1767308 1.1825 1.3478846 1.3248077 1.32865385 1.2075
1.2075 1.2440385
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Table 19. Values multiplied by 7.5 mL.
CASTLETON 1,2,3 6.51778846 6.3302885 6.575481 7.8591346 7.6139423 7.84471154 7.8302885 7.7870192 6.9649038
CACAKS BEST 1,2,3 10.5418269 10.772596 10.94567 11.392788 10.671635 11.3350962 11.277404 11.436058 10.887981
VALOR 1,2,3
8.63798077 8.8254808 8.86875 10.109135 9.9360577 9.96490385 9.05625 9.05625 9.3302885

Table 20. Values converted into mg / g divided by the initial mass of each sample.
CASTLETON 1,2,3 6.47312391 6.2869088 6.530421 7.7239652 7.48299 7.70979021 7.422778 7.3817606 6.6024304
CACAKS BEST 1,2,3 10.2467213 10.47103 10.63926 10.495429 9.8310775 10.4422811 10.474045 10.621397 10.112363
VALOR 1,2,3
8.60871115 8.7955758 8.838698 9.9518947 9.7815098 9.80990731 8.9241723 8.9241723 9.1942141

Table 21. Average concentration values with errors.
Plum Sample
Castleton

Cacaks Best

Valor

1
2
3
1
2
3
1
2
3

mg GAE/g dried biomass
6.430151188
7.638915139
7.135656314
10.45233805
10.25626262
10.40260125
8.747661796
9.847770609
9.014186198

errors
0.127316627
0.135221017
0.462242361
0.196936942
0.36917879
0.261929424
0.122251181
0.091285106
0.15590873

12

mg GAE / g DW

10
8
6
4
2
0
Castleton

Cacaks Best
Cultivars

Valor

Figure 64. Total phenolic concentration of three cultivars (mg GAE / g DW.)
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APPENDIX B: HPLC-UV CHROMATOGRAMS OF ANTHOCYANINS

HPLC-UV chromatograms measured at 520 nm for anthocyanin profiles of the cultivars that are
not shown in Chapter 3 are below in Figures (65 – 75) with peak identifications in Table 22.

Table 22. Anthocyanins identified in twelve plum cultivars. (* tentatively assigned)
Peak

Anthocyanins

Retention time
(min)

[M+H] +

MS/MS

1

cyanidin 3−O−galactoside

11.8

449

287

2

cyanidin 3−O−glucoside

12.7

449

287

3

cyanidin 3−O−rutinoside

13.5

595

449, 287

4

peonidin 3−O−glucoside*

16.2

463

287

5

peonidin 3−O−rutinoside*

16.8

609

463, 287

6

cyanidin−3−O−(6−acetyl”) −glucoside*

18.5

491

287

3

2

6

Figure 65. HPLC-UV chromatogram at 520 nm of the Asian cultivar, ‘Abundance’.
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3
1

Figure 66. HPLC-UV chromatogram at 520 nm of the Asian cultivar, ‘Methley’.

3
2

6

Figure 67. HPLC-UV chromatogram at 520 nm of the Asian cultivar, ‘Vanier’.

2
3

6

Figure 68. HPLC-UV chromatogram at 520 nm of the American-hybrid cultivar, ‘Alderman’.
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2

3
5
4

Figure 69. HPLC-UV chromatogram at 520 nm of the American-hybrid cultivar, ‘Kahinta’.

2

3

Figure 70. HPLC-UV chromatogram at 520 nm of the American-hybrid cultivar, ‘Superior’.

2

3

5
4

Figure 71. HPLC-UV chromatogram at 520 nm of the American-hybrid cultivar, ‘Toka’.
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3

5
4

Figure 72. HPLC-UV chromatogram at 520 nm of the European cultivar, ‘Castleton’.

3

2

4

5

Figure 73. HPLC-UV chromatogram at 520 nm of the European cultivar, ‘Caçak’s Best’.

3

2
5
4
Figure 74. HPLC-UV chromatogram at 520 nm of the European cultivar, ‘Valor’.
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2

3
6

Figure 75. HPLC-UV chromatogram at 520 nm of the Plumcot, ‘Spring Satin’.
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APPENDIX C: HPLC-UV CHROMATOGRAMS OF HYDROXYCINNAMIC ACID DERIVATIVES

HPLC-UV chromatograms measured at 320 nm for hydroxycinnamic acid derivative profiles of
the cultivars that are not shown in Chapter 3 are below in Figures (76 – 89) with peak
identifications in Table 23.

Table 23. Hydroxycinnamic acid derivatives identified in sixteen plum cultivars and one plumcot.
(* tentatively assigned)
Peak

Hydroxycinnamic acid derivatives

Retention time
(min)

[M+H] +

MS/MS

1

Neochlorogenic acid

13.6

353

191,179,135

2

Isomer of p−coumaroylquinic acid*

17.8

337

163

3

Chlorogenic acid

19.4

353

191, 173

4

Isomer of p−coumaroylquinic acid*

22.2

337

173

5

Isomer of p−coumaroylquinic acid*

23.8

337

173

6

Isomers of caffeoylshikimic acid*

26.3

335

179, 135

7

Isomers of caffeoylshikimic acid*

29.8

335

179, 135

1
3
5 6
4

7

Figure 76. HPLC-UV chromatogram at 320 nm of the Asian cultivar ‘Early Golden’.
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1

3
6

Figure 77. HPLC-UV chromatogram at 320 nm of the Asian cultivar ‘Methley’.
1

6
3

Figure 78. HPLC-UV chromatogram at 320 nm of the Asian cultivar ‘Obilnya’.
1

3

6
4

Figure 79. HPLC-UV chromatogram at 320 nm of the Asian cultivar ‘Shiro’.
1

6
5
3

4

Figure 80. HPLC-UV chromatogram at 320 nm of the Asian cultivar ‘Vanier’.
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3

5

1

6

Figure 81. HPLC-UV chromatogram at 320 nm of the American-hybrid cultivar ‘Alderman’.
1

3

2

5

Figure 82. HPLC-UV chromatogram at 320 nm of the American-hybrid cultivar ‘Kahinta’.

6

3

5

7

4

2

Figure 83. HPLC-UV chromatogram at 320 nm of the American-hybrid cultivar ‘Superior’.
1

3

2

6

Figure 84. HPLC-UV chromatogram at 320 nm of the European cultivar ‘Caçak’s Best’.
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1

3

6

Figure 85. HPLC-UV chromatogram at 320 nm of the European cultivar ‘Cambridge Gage’.
1

3
6

Figure 86. HPLC-UV chromatogram at 320 nm of the European cultivar ‘Oullins’.
1

3

Figure 87. HPLC-UV chromatogram at 320 nm of the European cultivar ‘Rosy Gage’.
1

3

6

Figure 88. HPLC-UV chromatogram at 320 nm of the European cultivar ‘Valor’.
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1

3

6

Figure 89. HPLC-UV chromatogram at 320 nm of the Plumcot ‘Spring Satin’.
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APPENDIX D: SOLID PHASE EXTRACTION AND HPLC COLUMN MATERIALS

In order to separate anthocyanins and chlorogenic acid from (+)-catechin, two approaches were
attempted in this study. First, the use of a solid phase extraction (SPE) cartridge was tested
according to the procedure proposed by Norrato et al. (2009) and shown in Figure 90. This
method can possibly separate anthocyanins (F2) from phenolic acid (F1), flavonols (F3), and
procyanidins (F4). Silva et al. (2017) reported that solid cation exchange (SCX) SPE was successful
in removing interfering anthocyanins from red wine extracts. Figure 91 shows two HPLC
chromatograms at 320 nm from before and after using the SCX cartridge. There were two steps
in the elution sequence using the SCX cartridge shown in Figure 92. The first step was adding the
aqueous sample into the SCX cartridge, so that anthocyanins were absorbed by the cartridge
material, then the other neutral phenolic compounds were obtained in the second step in which
methanol solvent was eluted. In the present study, the SCX cartridge was not able to separate
(+)-catechin from anthocyanins and chlorogenic acid, and this method was abandoned. Future
research, however, might experiment not only with other commercially available phases or sizes
of SPE cartridges but also with further method development.
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Figure 90. Scheme of fractionation used for plum crude extracts (Noratto et al. 2009).

(a) Before solid phase extraction (SCX)

(b) After solid phase extraction (SCX)

Figure 91. UV chromatogram at 320 nm before and after solid phase extraction using SCX
cartridges (Silva et al. 2017).
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Figure 92. Elution sequence of the purification of phenolics in red wine sample by solid phase
extraction through a strong cation exchange (SCX) cartridge with methanol solvent (Silva et al.
2017)

The second attempt to separate phenolics involved an investigation of three different stationary
phases in the HPLC column. Figure 93 displays the three stationary phases: phenylhexyl,
pentaflurophenyl (PFP), and biphenyl. None of these were able to separate anthocyanins and
chlorogenic acid from (+)-catechin, using different flow rates and eluting profiles (gradient or
isocratic). Although it was not investigated in this study, a smaller particle size of column
material might be considered in the future study for improved separation of these compounds.

Figure 93. Three stationary phases of HPLC column. (F5: pentafluorophenyl)
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APPENDIX E: MOISTURE CONTENTS OF PLUMS

The moisture content (%) of several cultivars harvested in 2017 was measured using two
methods, oven-vacuum drying and freeze-drying (Table 24 and 25). Triplicate experiments in
which two plum fruits for each cultivar (oven-vacuum drying method) and three plum fruits for
each cultivar (freeze-drying method) were dried. Due to the limited availability of cultivars in
2017, only the European cultivar, ‘Cambridge Gage’, was available for both methods and
comparison; however, their harvest dates were one week apart; thus the samples used in both
methods were not from the same fruit. The moisture contents of oven-vacuum dried plums
were about 2% higher than the freeze-dried plums, resulting in no significant difference
between the two methods. In general, the ranges of moisture contents were from 79.01 to
82.77 % in the oven-vacuum method and from 79.68 to 85.85 % in the freeze-drying method.
The Asian cultivar, ‘Vanier’ had the highest moisture content compared to the four European
and three American-hybrid cultivars, although there was only one Asian cultivar.
Table 24. Moisture content (%) by oven-vacuum drying method.
Cultivars

Moisture content (%)

Species

1

Cacacks Best

82.77

European

2

Cambridge Gage

81.65

European

3

Castleton

79.01

European

4

Kahinta

82.22

American-hybrid
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Table 25. Moisture content (%) by the freeze-drying method.
Cultivars

Moisture content (%)

Species

1

Cambridge Gage

79.68

European

2

Rosy Gage

82.67

European

3

Superior

82.79

American-hybrid

4

Toka

81.29

American-hybrid

5

Vanier

85.85

Asian
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APPENDIX F: TOTAL HYDROXYCINNAMIC ACID CONCENTRATION (2015 and 2016)

2.5
2

mg / g DW

1.5
1
0.5
0
AB

EG

MY

OB

SH

VA

Asian

chlorogenic acid

caffeic acid

TK

SS

American- Plumcot
hybrid

caffeic acid methyl ester

p-coumaric acid

Figure 94. Total hydroxycinnamic acid concentration (mg / g DW) in 2015 plums.
4.5
4

mg / g DW

3.5
3
2.5
2
1.5
1
0.5
0
MY

VA
Asian

caffeic acid

KA

SU

American-hybrid
caffeic acid methyl ester

CA

RG
European

p-coumaric acid

Figure 95. Total hydroxycinnamic acid concentration (mg / g DW) in 2016 plums.
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APPENDIX G: TOTAL ANTHOCYANIN CONCENTRATION (2015)

5
4.5
4

mg / g DW

3.5
3
2.5
2
1.5
1

0.5
0
AB EG * MY

OB SH * SS ** TK

VA

AB EG * MY

partial-ripe

cyanidin glucoside

OB SH * SS
tree−ripe

cyanidin rutinoside

cyanidin galactoside

Figure 96. Total anthocyanin concentration (mg / g DW) in 2015 plums.
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